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FOREWORD 


The  studies  on  the  microbiology  of  activated  sludge  described  in  this  report  were 
done  by  Scientia  Research  Laboratories  Inc.,  Seattle,  Wash.,  under  task  No.  783001, 
contract  No.  AF  41  (<!09)-1974.  The  research  was  accomplished  between  1  June  1903 
and  31  December  id and  was  monitored  by  Major  James  E.  Moyer,  Environmental 
Systems  Branch.  L’SAF  School  of  Aerospace  Medic ;ne.  The  manuscript  was  received 
for  publication  mi  2  May  1908. 

First  Lieutenant  Michael  J.  Ryan  and  Dr.  R.  L.  Mm.  .  of  the  Environmental 
Systems  Branch,  reviewed  the  report  for  technical  accuracy. 

A.  com -letc  set  of  figures  as  submitted  by  the  contractor  is  available  in  the 
Aeromcdica!  Library.  1 ' S A F  School  of  Aerospace  Medicine,  under  this  title  and  report 
number.  Because  of  the  large  numbi  r  of  illustrations  submitted,  it  was  net  feasible 
to  publish  there,  all. 
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ABSTRACT 


A  study  was  carried  out  to  evaluate  the  assimiiability  of  common  urinary  and 
fecal  constituents  by  the  active  saprophytes  of  high-solids  activated  sludge.  The 
saprophytes  were  obtained  in  pore  culture  from  mixed  cultures  grown  on  undiluted 
human  waste.  Conventional  isolation  and  determinative  procedures  were  employed. 
The  isolated  organisms  were  found  to  be  primarily  species  of  Alcaligenr-  Pseudomonas, 
aim  all  of  which  have  beta  previously  1UV  ii  vLi.  ;c»l  in  u^vivated  sludge. 

It  was  observed  that  most  organisms  could  assimilate  a  substantial  quantity  of  the 
small  molecules,  such  as  uric  and  hippuric  acids,  contained  in  human  wast'  The 
ability  to  handle  complex  polymeric  substrates,  however,  such  as  starch,  min, 
and  cellulose,  was  found  to  be  limited.  Bilirubin,  coproporphyrin,  and  tripalmitin 
were  found  to  be  refractory  The  authors  attribute  the  saprophytic  activity  in 
activated  sludg“  to  a  commensal  rather  than  to  a  symbiotic  relationship  arm  mg  the 
organisms.  Commensalism  has  an  important  bearing  on  synthesis  of  a  biologic 
system  from  pure  cultures.  It  appears  that  at  least  three  organisms  will  be  required 
to  reproduce  the  activity  of  an  activated  sludge  facility.  Further  study  is  recom¬ 
mended  in  these  areas:  more  specific  identification  of  isolated  organisms:  use  bv 
saprophytes  of  oxidation  of  nitrogen  as  .n  energy  .  urce;  bi'irubin,  pyrrole,  and 
copropurphyrin  metabolism;  control  of  ■  >  nthesis  in  mixed  cultures;  and  s  dective 
elimination  of  inactive  material  in  the  L’  ogic  matrix. 
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MICROBIOIOGIC  STUDIES  OF  THE  ACTIVATED  SLUDGE  PROCESS 
FOR  THE  RECVaiNG  OF  HUMAN  WASTES 


I.  INTRODUCTION  Objectives 


Statement  of  problem 

Although  the  activated  sludge  process  and 
comparable  methods  employing  microorganisms 
for  the  breakdown  of  waste  materials  have 
been  in  use  for  a  number  of  years,  very  little 
has  been  determined  concerning  the  identity 
of  the  specific  oiganisms  responsible  for  the 
major  portion  of  the  degradative  processes. 
Although  certain  broad  generalizations  had 
been  made,  it  appeared  impossible  to  assess  the 
role  of  each  major  group  of  microorganisms 
from  the  existing  data. 

Dependence  on  saprophytic  organisms  in  a 
biologic  waste  disposal  system  is  complete. 
For  this  reason,  should  the  system  function 
poorly  or  improperly  in  a  remote  environment 
because  of  destruction  of  a  major  class  of 
saprophytes,  the  reestablishment  of  the  system 
from  stock  cultures  would  be  desirable.  It  was 
not  known  whether  the  general  metabolic  capa¬ 
bilities  of  the  mixed  culture  could  be  duplicated 
by  a  combination  of  pure  isolates  obtained  from 
the  parent  mixed  system,  or  whether  a  selected 
group  of  such  isolates  could  possibly  improve 
degradative  performance  over  that  of  a  mixed 
culture  derived  from  natural  selection. 

Therefore,  the  present  work  was  initiated 
to  determine  fhe  metabolic  capabilities  of  or¬ 
ganisms  isolated  from  mixed  microbial  systems 
grown  on  undiluted  human  waste  (the  basic 
substrate  to  be  received  by  the  waste  treatment 
system  in  a  remote  environment)  ;  then  to  de¬ 
termine  if  the  gross  assimilative  capacity  of 
the  mixed  system  could  be  duplicated  by  a 
series  of  isolates. 


The  objectives  of  the  work  were  as  follows: 

1.  Isolation  and  identification  by  standard 
biologic  technics  of  microbial  species  present 
in  activated  sludge  in  the  endogenous  state. 

2.  Measurement  of  the  rate  of  oxidation 
of  components  of  human  waste  by  each  of  the 
isolated  organisms.  These  studies  were  to  in¬ 
clude,  but  not  necessarily  be  limited  to,  meas¬ 
urement  of  the  oxidation  rate  of: 

a.  Urea 

b.  Hippuric  acid 

c.  Creatinine 

d.  Various  sterols,  taurocholate,  and 
glycocholate 

e.  Albumin 

f.  Cellulose  and  other  carbohydrates 

g.  Uric  acid 

h.  Ethereal  sulfates 

i.  Urochromc 

j.  Selected  porphyrins 

k.  Lipids  and  fatty  acids 

l.  Synthetic  detergents  and  soaps 

3.  Measurement  of  the  oxidative  capacity 
of  each  of  the  isolated  organisms  on  a  sub¬ 
strate  of  sterile  human  waste. 

4.  Recombination  of  selected  organisms 
and  measurement  of  their  activity  as  in  2  and  8 
above,  where  such  combination  appeared  pro¬ 
ductive  of  a  more  completely  capable  system. 


5.  From  cultures  of  high-solids  activated  additional  materials  such  as  cellulose,  and 

sludge,  isolation,  identification,  and  metabolic  soaps  and  detergents  not  easily  replaced  in 

studies  of  organisms  adapted  to  the  degrada-  remote  environments.. 

tion  of  cellulose,  hestianic  acid,  bile  pigments,  ^ 

and  other  normally  hard-to-oxidize  components  From  the  work,  the  following  conclusions 

of  sludge  reactors.  were  drawn: 

6.  Consideration  of  metabolic  and  nbsorp-  1.  Most  of  the  materials  contained  in  feces 

tive  characteristics  of  organisms,  derived  from  and  urine  are  assimilated  totally,  or  to  a  sub- 

studies  under  2  and  .?  above,  with  a  view  to  stantial  degree,  by  the  individual  organisms 

characterization  of  the  overall  process  of  waste  present  in  activated  sludge  grown  on  human 

degradation  by  microbial  cultures.  waste.  I 


In  accordance  with  these  objectives,  cul¬ 
tures  were  developed  on  human  waste  at  7-day 
and  13-day  detention  periods.  Organisms  were 
''htained  in  pure  culture  from  the  parent  mixed 
cultures  and  subjected  to  Warburg  examina¬ 
tion.  When  applicable,  the  isolates  were  ex¬ 
amined  in  substrate  depletion  studies  to 
determine  substrate  adsorptive  behavior. 

Attempts  were  made  to  adapt  mixed  cul¬ 
tures  to  cellulose,  hestianic  acid,  bile  pigments, 
pyrrole,  and  some  related  polycyclic  substances. 
In  those  instances  in  which  growth  or  metab¬ 
olism  appeared  to  occur,  the  organisms  were 
obtained  in  pure  culture. 

The  isolates  were  combined  and  subjected 
to  Warburg  studies  to  determine  if  the  extent 
of  substrate  metabolism  shown  by  the  mixed 
parent  culture  could  be  accounted  for. 

Studies  wen  a  >  carried  out  to  evaluate 
the  adsorptive  characteristics  of  pure  cultures 
employing  substrates  known  to  be  adsorbable. 

The  metabolic  and  determinative  data  have 
been  evaluated  and  summarized. 

II.  SUMMARY 

A  study  of  the  metabolic  characteristics  of 
the  bacteria  present  in  activated  sludge  has 
been  carried  out.  The  organisms  were  isolated 
employing  standard  bacteriologie  technics. 
After  isolation,  the  isolates  were  examined  in 
Warburg  studies  and  in  substrate  depletion 
studies.  The  substrates  studied  were  the  com¬ 
mon  constituents  of  human  feces  and  urine,  and 


2.  The  organisms  apparently  responsible 
for  the  bulk  of  the  saprophytic  activity  in 
activated  sludge  were  found  to  be  various 
species  of  Pseudomonas,  Achromobacter,  and 
Alcaligaifs,  and  paracolon  bacilli. 

3.  The  organisms  isolated  from  activated 
sludge  appeared  to  have  one  of  two  distinct 
metabolic  patterns.  Most  of  the  bacteria 
readily  assimilated  all,  or  a  substantial  fraction 
of,  small  individual  molecules  such  as  uric  acid, 
hippuric  acid,  and  creatinine.  Only  a  few 
organisms,  however,  demonstrated  a  capability 
of  assimilating  large  complex  molecules  such 
as  albumin  and  starch.  The  organisms  found 
to  assimilate  the  large  molecules  had  a  marked¬ 
ly  limited  ability  to  utilize  the  small  molecules. 

4.  The  ability  to  utilize  cellulose  to  some 
degree  was  found  to  be  widespread  in  the 
microorganisms  in  activated  sludge. 

i  5.  Bilirubin,  biliverdin,  and  pyrrole  were 
pound  to  be  refractory.  Substantial  attack  on 
these  molecules  could  not  be  demonstrated. 
Cyclic  molecules  not  containing  nitrogen  (e.g., 

'  yclopentarie  and  cyclohexane)  were  found  to 
:be  degraded.  The  lack  of  attack  on  the 
nitrogen-containing  substrates  may  be  due  to 
the  lack  ofj  specific  transport  mechanisms. 

6.  Some  saprophytes  appeared  to  utilize 
the  oxidation  of  ammonia  as  a  source  of 
energy. 

7.  Hestianic  acid,  the  brown  pigment  con¬ 
tained  in  the  effluent  from  high-solids  activat¬ 
ed  sludge  reactors,  was  found  to  resist 


biodegradation  and  was  unable  to  support  mini¬ 
mum  growth  of  activated  sludge,  when  other 
substrates  had  been  depleted. 

III.  LITERATURE  REVIEW 

While  many  investigators  have  examined 
the  metabolic  characteristics  of  the  microor- 
gun  isms  contained  in  activated  sludge,  little 
work  has  been  directed  specifically  toward  an 
appraisal  of  the  fate  of  the  constituents  of 
human  waste.  The  explanation  for  this  lies  in 
the  fact  that,  by  broad  classes,  most  waste 
constituents  are  known  to  be  readily  assimilat¬ 
ed  by  microorganisms.  Metabolic  data  of  the 
latter  type  derived  from  studies  of  microbial 
systems  have  been  summarized  by  Umbreit 
(40,  41).  Umbreit’s  si  mmaries  also  contain 
considerable  information  as  to  the  pathway  of 
degradation  of  proteins,  amino  acids,  aromatic 
substances,  and  fatty  substances. 

The  literature  pertinent  to  the  present 
study  is  reviewed  in  the  following  paragraphs. 

Urea 

Although  few  precise  data  are  available, 
there  appears  to  be  little  question  that  a  wide 
variety  of  organisms  can  assimuate  urea.  The 
hydroiysis  of  urea  has  been  studied  for  many 
years.  Significantly,  urease  was  isolated  and 
crystallized  as  early  as  1926  (35). 

Since  urea  is  a  t<>xic  substance,  a  capability 
to  degrade  urea  may  be  classed  as  a  defense, 
or  detoxification,  mechanism.  Based  <  on 
Stephenson’s  (35)  early  review  of  badtefial 
metabolism  and  Gale’s  (17)  later  work,  it  ap¬ 
pears  that  urease  is  produced  by  a  wide  variety 
of  organisms.  In  addition  to  its  rapid  hydrol¬ 
ysis  by  bacteria,  urea  also  is  reported  to  serve 
as  a  nitrogen  source  for  algae  (6). 

The  urease  reaction  is: 

COlNll,),  4-  H.O - »CO.J  +  2NH3 

The  significance  of  the  widespread  occur¬ 
rence  of  ureases  in  microbial  systems  is  partic¬ 
ularly  important  to  the  present  study  because 


of  the  substantia]  quantities  of  urea  present 
in  human  waste.  Work  carried  out  at  the 
Boeing  Company  (6)  indicated  that  urea  was 
rapidly  destroyed  in  mixed  cultures  derived 
from  human  waste. 

Hippuric  acid  or  benzoylglycine 

f 

No  reports  were  found  in  which  the 
microbial  metabolism  of  hippuric  acid  was 
specifically  studied:  however,  crude  extract's 
of  "hippuricase”  were  studied  as  early  as 
1881  (15).  Ellis  and  Walker  (10)  studied  the 
enzyme  much  later,  and  although  the  study 
added  data  as  to  hydrolytic  mechanism,  little 
information  has  been  obtained  concerning  the 
ubiquitousness  of  the  enzyme.  In  a  study  of 
the  activated  sludge  process  carried  out  at  the 
Boeing  Company  (6),  it  was  observed  that 
hippuric  acid  was  readily  assimilated  by  mixed 
cultures  not  specifically  adapted  to  hippurate. 

Hippuric  acid  is  the  amide  formed  between 
benzoic  acid  and  glycine  and  has  the  structure: 

r 

1 

0 

c— nhch2  cooh 

HIPPURIC  ACID 

FIGURE  1 

Hippuric  acid  is  synthesized  in  the  liver, of 
|  mammals  as  a  detoxification  of  benzoic  acid. 
As  a  consequence,  the  material  can  be  anticipat¬ 
ed  in  body  wastes.  Bieberdorf  (3)  reports  that 
average  body  wastes  will  contain  0.6  gm.  of 
hippuric  acid  per  24  hours. 

The  study  of  hippuric  acid  metabolism  is 
simplified  if  the  initial  or  hippuricase  step  is 
assumed  to  take  place,  for  no  reports  were 
found  which  confirmed  the  presence  of  hip- 
puricase  in  bacteria.  The  initial  steps  of 
hydrolysis  take  place  as  follows: 
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HIPPURIC 


•nhch2 

ACID 


COOH  +  H2  0 


COOH 


+  nh2ch2cooh 

BENZOIC  ACID  GLYCINE 


FIGURE  2 


The  reports  of  benzoic  acid  metabolism  by 
mixed  and  pure  cultures  are  numerous.  Several 
are  summarized  in  Umbreit.  Okey  and 
Bogan  (26)  recently  published  a  report  which 
included  a  study  of  benzoic  acid  metabolism. 
Symons  and  del  Valle-Rivera  (37)  and  Symons 
et  al.  (38)  have  also  published  detailed  studies 
of  benzoate  metabolism. 

Glycine  metabolism  has  been  studied  with 
a  variety  of  single  organisms.  The  reports 
have  been  summarized  by  Fry  (16).  In  gen¬ 
eral,  glycine  has  beer,  found  to  be  rapidly 
metabolized.  This  finding  was  confirmed  by 
Carlson  (5),  who  studied  the  metabolism  of 
glycine  by  mixed  cultures  similar  to  activated 
sludge.  Chapman  et  al.  (6)  determined  the 
order  and  rate  of  glycine  metabolism.  They 
found,  as  did  Carlson,  that  glycine  was  rapidly 
assimilated  by  activated  sludge  organisms 
which  had  not  previously  acclimated  to  glycine. 


Creatinine  and  creatine 

In  addition  to  the  nitrogen-containing  com¬ 
pounds  previously  discussed,  mammalian  sys¬ 
tems  discharge  creatinine  which  arises  from 
creatine  in  the  tissues.  Although  small 
quantities  of  creatine  are  discharged  quite  nor¬ 
mally,  the  bulk  of  the  creatine  destined  for 
excretion  appears  as  creatinine  in  the  urine. 
Creatinine,  therefore,  is  the  true  end  product 
of  nitrogen  metabolism.  The  formulas  for  the 

two  substances 


nh2 

C*  NH 
I 

CH3-N-CH2  COOH 
CREATINE 


NH - 

I 

C*NH 

I 

CH3-N-CH2CO— » 
CREATININE 

FIGURE  3 

Fruton  and  Simmonds  (15),  in  a  summary 
of  literature  on  microbial  metabolism  of 
creatine,  stated  that  the  substance  was  used 
as  a  nitrogen  source  by  a  number  of  organisms. 
Pseudomonas  ovalis  is  reported  to  cleave 
creatine  to  urea  and  sarcosine  which  is  then 
oxidized  to  C02,  H:0,  and  NH3. 

Sexton  (33)  reported  that  creatine  is  de¬ 
hydrated  to  creatinine  both  in  vivo  and  in  vitro. 
Unpublished  data  obtained  at  the  Boeing  Com¬ 
pany  indicated  that  algae  can  use  both  creatine 
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and  creatinine  as  nitrogen  sources.  The.-.-,  re¬ 
sults  imply  that  the  molecule  is  catabolicallv 
utilized  as  well. 

Taurochoiate  and  glycocholate 

Taurochniic  ami  g!yc. .  C'lie  acids  are  the 
conjugates  of  the  bile  acid,  cholic  acid,  with  th>- 
amirn.  acids,  taurine  and  glycine.  The  bile 
ac:d  is  bound  to  the  amino  acids  through  an 
amide  linkage.  The  structures  of  glycochoiic 
and  taurochi'iic  acids  are  shown  l  eiow: 


GLYCOCHOLIC  ACID 

FIGURE  4 


TAUROCHOLIC  ACID 


FIGURE  5 


Cholic  acid  is  derived  in  mammalian  tissue 
from  cholesterol.  The  A  and  K  rings  of  cholic 
acid  are  cic  to  cih  as  in  eoprostanol.  Since  no 
further  oxidation  of  the  bile  acids  takes  place  in 
mammalian  tissue,  these  substances  represent 
a  true  end  product  of  cholesterol  metab¬ 
olism.  Stodola  CU>)  has  summarized  a  sub- 
staiitmi  body  of  literature  on  the  general  topic 
of  biochemical  alterations  of  steroids.  Them 


is,  however,  a  distinct  paucity  of  data  dealing 
with  the  total  assimilation  of  the  general  class 
of  sterol  molecules.  Chapman  et  ah  (6),  in 
studying  the  metabolism  of  a  number  of  human 
waste  e.  nstituents,  carried  out  one  study  on 
cho!esttro!:  they  found  that  after  a  short  lag 
the  cholesterol  was  rapidly  assimilated. 

Condensed  aromatic  hydrocarbons  con- 
tuning  three  rings  have  been  shown  by 
R<  ,v-ff  <R0>  and  other  investigators  (29)  to  be 
assimilable  by  soil  bacteria.  Thi  effect  of 
size  or.  assimilabiUty  is  not  known:  however, 
molecules  of  the  size  of  anthracene  and 
phenanthiene  are  readily  assimilated  and  used 
as  sole  carb<  n  sources. 

Albumin 

Albumin  is  one  of  the  nitrogen-containing 
compounds  known  .is  "simple  protein” — indicat¬ 
ing  that  it  is  made  up  of  amino  a  ds  only. 
Albumin  derived  from  egg  white  is  moderately 
soluble  in  water  am!  possesses  a  molecular 
weight  of  about  44.000. 

It  would  appear  that  maeromoleeules  would 
require  some  preliminary  reduction  in  size  be¬ 
fore  microbial  assimilation,  probably  on  the 
cell  exterior.  Fry  (!t>),  in  his  extensive  review 
of  microbial  nitrogen  metabolism,  pointed  out 
that  a  small  number  of  exoproteases  have  been 
purified.  The  ability  to  produce  exoproteases  is 
apparently  limited;  Fry  reports  that  not  all 
organisms  have  this  capability.  The  ability  to 
produce  proteolytic  exoenzymes  is  also  marked¬ 
ly  affected  by  the  environment,  but  he  reports 
that  several  microorganisms  can  use  albumin 
or  closely  related  proteins  (casein  and  peptone). 

Okey  et  al.  (28)  studied  albumin  in  their 
analysis  of  the  oxidation  potential  as  a  control 
sv  tern  for  activated  sludge  and  found  it 
readily  assimilated  by  activated  sludge.  Chap¬ 
man  et  al.  ((ii  observed  similar  results  in  their 
studies  of  the  high  solids  activated  sludge 
process.  Both  noted  that  the  substrate  (al¬ 
bumin)  appeared  to  he  rapidly  remo.ed  from 
the  medium  in  a  first-order  or  concentral ion- 
dependent  fashion  and  to  be  oxidatively  as¬ 
similated  at  a  slower  rate. 


Carbohydrates 


oxidized  to  allantoic  acid  and  then  to  urea 
and  glyoxylic  acid. 


Starch,  glucose,  and  cellulose  were  studied 
in  the  present  work — starch,  because  it  is  a 
complex  carbohydrate ;  and  cellulose,  because 
of  the  limited  data  available  on  the  nature  of 
activated  sludge  organisms  capable  of  assimilat¬ 
ing  this  substance.  Glucose  was  employed  as 
a  standard  substrate  primarily  because  of  the 
wide  variety  of  microorganisms  which  aerobi¬ 
cally  utilize  sugars  and,  further,  because  of 
the  extensive  information  now  available  on  the 
degradative  pathways  of  glucose. 

The  metabolism  of  cellulose  was  studied  by 
Okey  et  al.  (271 .  The  paper  contains  an  ex¬ 
tensive  literature  review  which  will  not  be 
repeated  here.  In  summary,  there  are  various 
microorganisms  capable  of  excreting  the  two 
enzymes,  celiulase  and  cellobiase,  necessary 
for  the  utilization  of  cellulose.  In  the  ref¬ 
erenced  study,  only  mixed  cultures  were 
employed  and  no  information  was  obtained  on 
the  metabolism  of  the  individual  organisms 
utilizing  cellulose.  It  was  clear,  however,  that, 
in  the  human  waste  employed  as  a  substrate, 
microorganisms  were  present  that  could  use 
cellulose — either  alone  or  in  concert. 

Uric  acid 

Uric  acid  appears  in  man  as  an  end  product 
of  purine  breakdown  and  is  not  a  principal  end 
product  of  protein  metabolism.  The  structure 
of  this  substance  is  shown  below: 
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Iii  mammals,  except  man  and  the  higher 
apes,  uric  acid  is  oxidized  and  excreted  as  al- 
lantoin,  and  in  fishes,  the  allantoin  is  further 
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The  purine  structure  is  reported  to  be 
readily  metabolized  by  a  variety  of  both  aerobic 
and  anaerobic  microorganisms.  Fruton  and 
Simmonds  (15)  report  that  Pst-udomoms  and 
two  species  of  ('logtridiuni  utilize  purine  or 
uric  acid  as  sole  carbon  and  nitrogen  sources. 

Ethereal  sulfates 

Ethereal  sulfates  are  esters  of  sulfuric  acid, 
usually  phenylsulfuric  acid,  formed  in  the  liver 
of  mammals.  The  general  form  of  the  sulfate 
esters  is  shown  below: 
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Microorganisms  assimilat  ■  such  esters 
through  the  hydrolysis  of  the  esters  by  sul- 
fatases,  producing  an  organ !c  res’due,  usually 
phenol,  which  can  be  rapidly  metabolized. 

Although  not  a  urinary  excretion  product, 
alkyl  sulfates  (such  as  lauryl  sulfate,  a  deter¬ 
gent  substance)  have  also  been  shown  to  be 
rapidly  metabolized  by  unacclimated,  broad- 
spectrum,  bacteria!  cultures  such  as  activated 
sludge  (6). 


Urochrome 

TJrochrome  is  the  major  normal  urinary 
pigment,  excreted  to  the  extent  ot  about  75  nig. 
per  daj .  Although  its  constitution  and  (ire 
cursor  are  unknown,  its  output  has  been  found 
to  bo  relatively  constant,  independent  of  diet, 
but  varying  with  basal  metabolism.  The  ex¬ 
cretion  of  this  pigment  is  increased  by  tissue 


breakdown,  starvation,  or  by  administration 
of  acids.  Very  little  has  been  successfully  ac¬ 
complished  in  its  identification  beyond  isola¬ 
tion  (9).  Little  is  known,  either,  concerning 
the  metabolism  of  urochrome  b\  bacteria. 


The  porphyrin  structure  contains  4- pyrrole 
rings  bridged  by  methylene  groups  at  the  car¬ 
bon  adjacent  to  the  heteronitrogen.  The  por¬ 
phyrins  vary  from  one  another  by  differences 
in  extent  and  nature  of  ring  substituents. 


Porphyrin  and  bile  pigments 


Porphyrins  is  the  general  name  given  to 
a  group  of  compounds  containing  the  porphyrin 
nucleus,  as  shown  below: 


PORPHYRIN 

FIGURE  8 


The  porphyrin  of  importance  in  the  study 
of  human  waste  assimilation  is  coproporphyrin, 
found  in  human  feces,  *he  structure  of  which 
is  shown  in  figure  9. 

The  porphyrins  are  closely  related  to  the 
bile  pigments.  The  latter  substances  are  linear 
tetrapyrroles  created  by  the  oxidative  degrada¬ 
tion  of  porphyrin.  Little  is  apparently  known 
about  the  fate  of  the  bile  pigments.  No  reports 
of  the  oxidative  degradation  of  bilirubin  have 
been  found. 

The  fate  of  coproporphyrin  and  the  bile 
pigments  may  be  related  to  the  fate  of  pyrrole, 
the  fundamental  constituent  molecule.  Con¬ 
cerning  the  fate  of  pyrrole  in  mammalian  and 
microbial  systems,  little  is  known.  Wil¬ 
liams  (14)  in  his  literature  summary  indicated 
that  the  evidence  concerning  the  fate  of  pyrrole 
ingested  by  mammals  is  unreliable.  Some,  ap¬ 
parently  a  large  fraction,  is  excreted  un¬ 
changed.  Some  appears  as  urea  nitrogen,  while 
some  is  reported  to  appear,  after  exposure  to 
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the  air,  as  a  substance  similar  to  melanin. 
There  is  also  some  evidence  to  suggest  pyrrole 
can  give  rise  to  pyri  line  in  mammals  (44). 

Porphyrins  contained  in  mammalian  he- 
TTV'clobin  undergo  oxidative  cleavage  to  some 
linear  tetrapyrroies  termed  bile  pigments.  The 
bile  pigments,  bilirubin  and  biliverdin,  have 
been  selected  for  stud,  in  this  work.  Although 
bilirubin  appears  to  be  modified  by  intestinal 
organisms,  there  are  little  data  which  indicate 
it  can  be  completely  assimilated. 

Many  nitrogen-containing  substances  are 
known  to  be  toxic  to  fungi  (18,  22).  However, 
some  heterocyclic  substances  are  reported  to 
be  available  as  microbial  substrates.  Pyri¬ 
dine  (12)  ;  hydroxy  proline  (1)  ;  uracil,  and 
some  related  materials  (43)  :  nicotine  (19)  ;  and 
pyrimidine  (8)  are  reported  to  be  assimilable. 
Aminotriazole,  the  nucleus  of  which  is  a  five- 
membered  ring  containing  3-heteronitrogen 
atoms,  is  reported  not  to  be  assimilated  by 
activated  sludge  (22). 

II  would  appear  axiomatic  that  some 
mechanisms  should  exist  in  bacteria  for  the 
assimilation  of  the  molecular  fragments  that 
make  up  the  tetrapvrrole  in  the  basic  heme 
configuration.  This  reasoning  is  based  on  the 
fact  that  aerobic  microbial  systems  coni.:  a 
the  porphyrin  structure  in  the  cytochrome  sys¬ 
tems  as  a  part  of  th.  ir  electron  i.  disport 
process.  It  is  reasonable  to  assume  that  some 
mechanism  must  exist  for  the  conservation  of 
the  nitrogen  and  energy  contained  in  por¬ 
phyrin.  It  may  he  postulated  .hat  if  pyrrole 
alone  is  not  assimilated,  porphyrin  probably  is. 

Lipoids  and  fatty  acids 

lorn  oil,  castile  soap,  and  cholesterol  have 
been  previously  studied  and  f  and  to  be  as¬ 
similated  by  actuated  sludge  iti).  lienee,  for 
the  purpose  of  this  work,  fatty  acids  of  known 
makeup  were  selected  for  study.  In  addition, 
lipases  are  common  in  fungi. 

Alkyl  fatty  acids,  regardless  of  size,  appear 
to  he  oxidatively  attacked  and  degraded  in 


much  the  same  fashion — that  is,  first  by 
activation  with  eoenzyrne  A,  and  thence 
through  a  series  of  /i-oxidation  steps  wb>ch 
feed  active  acetate  (acetyl  coenzyme  A)  into 
•he  trichloroacetic  acid  cycle  by  a  condensation 
'•(•action  with  oxaloacetic  acid  to  form  citric  acid. 
Many  bacterial  systems  are  reported  to  carry 
out  ^-oxidation  or  similar  processes  (Id,  24,  40, 
41).  In  addition,  many  microorganisms  use 
fats  or  fatty  acids  as  storage  products  (14,  35). 

Synthetic  detergents  and  soaps 

As  soaps  are  the  sodium  nr  potassium  salts 
of  long-chain  fatty  acids  (16-  to  20-carbon 
atoms)  the  literature  pertinent  to  the  metab¬ 
olism  of  soaps  has  been  covered  in  the  previous 
section.  This  review  will  be  limited  to  the 
microbial  metabolism  of  synthetic  detergents. 

Synthetic  detergents,  in  general,  are  usually 
one  of  two  types — anionic  or  nonionic.  Most 
of  the  anionic  substances  employed  are  alkyl- 
benzene  sulfonates.  The  nonionic  substances 
contain  alkyl  lipophilic  groups  and  amides, 
ethers,  or  esters  as  the  hydrophilic  group. 

The  •  wtabolism  of  the  alkylbenzene  sul¬ 
fonates  has  been  extensively  studied,  primarily 
in  mixed  culture.  The  primary  factor  regulat¬ 
ing  he  metabolism  of  these  compounds  by  an 
acclimated  culture  appears  to  be  the  branching 
of  the  side  chain  which  occurs  in  most  com¬ 
mercial  products  (4,  23).  Therefore,  the  re¬ 
sistance  is  associated  with  a  characteristic 
apart  from  that  creating  the  detergent  char¬ 
acteristic.  In  the  instance  of  the  alkylpheuyl 
ethers  and  the  other  notiionie  substances,  the 
number  and  type  of  hydrophilic  groups  em¬ 
ployed  m  manufacture  appeared  to  regulate 
metabolism. 

One  of  the  nonit  me  substances  was  found 
to  be  partially  metabolized,  in  an  earlier  work 
tti).  This  material,  Triton  X - 100.  was  selected 
for  study.  The  structure  of  this  compound  is 
shown  in  figure  it) 
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FIGURE  10 


Bogan  and  Sawyer  (4>  found  that  Triton 
X-100  underwent  no  attack.  In  the  Boeing 
study,  however,  substantial  but  probably  in¬ 
complete  metabolism  of  this  compound  was 
observed.  The  Boeing  workers  also  observed 
that  dodecyl  sulfate  was  rapidly  metabolized. 
The  destruction  of  dodecyl  sulfate  appeared 
comparable  to  the  metabolism  of  fatty  acids. 
Bogan  and  Sawyer  made  a  similar  observation. 

Despite  the  fact  that  a  substantial  quantity 
of  work  has  been  carried  out  on  the  alkylphenyl 
ethers,  little  is  known  of  the  oxidation  se¬ 
quence.  The  alkylbenzene  sulfonates  are 
oxidized  from  the  alkyl  end  beginning  with  an 
a-oxidation  and  proceeding  via  /3-oxidation.  It 
is  likely,  however,  that  the  ethers  may  be 
oxidized  from  either  end,  thereby  accounting 
for  the  substantial  oxidation  despite  branched- 
chain  alkyl  groups. 

Microbiology  of  activated  sludge 

An  extensive  literature  review  on  the 
microbiology  of  waste  treatment  was  made  by 
Ingram  (20).  Ingram’s  work  indicated  that 
little  is  known  concerning  the  specific  metabolic 
capability  of  the  microorganisms  found  in  ac¬ 
tivated  sludge  particularly  when  human  waste 
constituents  are  employed  as  metabolites.  The 
organisms  which  have  been  reported  in  activat¬ 
ed  sludge  were  summarized  by  Ingram.  His 
list  is  reproduced  in  table  I. 

Large  numbers  of  fungi  and  protozoa  have 
also  been  found  in  activated  sludge.  Other 
species  have  been  demonstrated  in  trickling 
filters.  These  data  are  summarized  in  table  II. 


TABLE  I 

Microorganisms  in  activated  sludge* 

Achromobacterum  liquefaciens 
Achromobacterum  sp. 

Aerobacter  aerogenes 
Alhaligenes  faecalis 
Bacillus  mycoides 
Bacillus  cerrus 
Beggiatoa 

Bacillus  megatherium 
Bacillus  subtilis 
Ckromobactcrium 
(  Flavo  bacterium) 

Crennthrir  polyspora 
Escherichia  coli 
Escherichia  freundi 
Escherichia  intermedium 
Flavnbacterium  lueve 
Flavobaetcrium  solare 
Klebsiella  pneumonia 
Neisseria  catarrhalis 
Nitrobacteria 
Nitrosomonos  sp. 

Nocardia  artinomorpha 
Paracolobactrum  aerogenoides 
Pseudomonas  sp. 

Pseudomonas  pavonacea 
Pseudomonas  pcrlurida 
Pseudomonas  tralucida 
Pseudomonas  salopium 
Spharrotilus  sp. 

Zooglca  ramigera 

•As  reports  in  reference  20. 
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TABLE  n 

Microorganisms  in  trickling  filters* 


Actinomyces  spp. 

Aerobacter  aerogenes 
Alcaligenes  spp. 

Alealigene s  bookeri 
Alcaligenes  faccalis 
Bacillus  alvei 
Bacillus  eereus 
Bacillus  cireulans 
Bacillus  megatherium 
Bacillus  violaeeus 
Bacillus  pumilus 
Bacillus  subtilis 
Beggiatoa  sp. 

Beggiatoa  alba 
Chromobacterium  janthinum 
Cladothrix  sp. 

Cladothrix  dichotoma 
Colon  bacillus 
Cali  aerogcncs 
Escherichia  coli 
Escherichia  coli,  intermedium 
Flavobactcrium  spp. 

Flavobactcrium  aquatile 
Flavobactcrium  balustinum 
Flavobacterium  devorans 
Lcptothrix  achrocae 
Magneto  bacillus 
Nitrobacter  sp. 

Nitrosoynonas  sp. 

Nocardia  spp. 

Rhizobium  rc  licicolum 
Sphacrotilus  sp. 

Sphaerotilus  natans  var.  camea 
Sphacrotilus  natans  var.  compacta 
Sphaerotilus  natans  var.  natans 
Sphacrotilus  natans  var.  uva 
Spirillum  sp. 

Streptococcus  faccalis 
Streptomyces  spp. 

Thiothrix  nivca 
Zooglea  filipcnditla 
Zooglca  ramigvra 

•A*  reported  in  reference  30. 

The  organisms  listed  in  table  III  are  re¬ 
ported  by  Ingram  to  be  common  to  trickling 
filters  and  activated  sludge. 


TABLE  III 

Microorganisms  common  to  activated  sludge 
and  trickling  filters:  bacteria  and 
filamentous  forms * 

Aerobacter  ae'ogenes 
Alcaligcnes  faccalis 
Bacillus  eereus 
Bacillus  megatherium 
Bacillus  subtilis 
Beggiatoa  sp. 

Chromobacterium  sp. 

Cladothrix 
Escherichia,  coli 
Escherichia  eoli,  intermedium 
Flavobacterium  sp. 

Nitrobacter 
Nocardia  sp. 

Sphaerotilus  sp. 

Zooglea  ramigera 

•A«  reported  In  reference  29. 


Ingram  also  reported  that  the  floe  present 
in  activated  sludge  is  responsible  for  the  ad¬ 
sorption  phenomena.  While  he  presented  no 
data  to  support  this  contention,  the  likelihood 
and  significance  of  this  hypothesis  cannot  be 
ignored.  The  consequence  would  be  that  the 
dispersed  growth  of  young  pure  cultures  would 
not  adsorb,  and  that  a  treatment  facility 
operating  as  a  dispersed-growth  unit  might 
not  adsorb  waste  constituents  as  efficiently  as 
an  older  culture. 

Constituents  of  human  waste 

The  work  reported  here  has  been  devoted 
primarily  to  an  analysis  of  the  effect  upon  the 
biodegradability  of  the  major  classes  of  waste 
constituents  by  high-solids  activated  sludge. 
Data  as  to  makeup  of  human  waste,  both  feces 
and  urine,  and  the  daily  amounts  produced  by 
man  are  presented  in  tables  IV  and  V  (7). 
These  data  have  been  used  as  a  guideline  in 
selecting  the  substrates  employed  in  the  pres¬ 
ent  work. 
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TABLE  IV 
Composition  of  urine 


Substance  (unit) 

Usual  range 

Water 

Specific  jfravity  (vs.  water) 

1.008 

-  1.030 

Total  solids  (sm./100  ml.) 

1 

-  7 

Water  (ml./lOO  ml.) 

95 

-  99 

Hydrogen  ion  concentration  (pH) 

4.8 

-  7.5 

Minerals 

Bromine  (mg./day) 

1 

-  5 

Calcium  (cm. /day) 

0.2 

-  0.5 

Chloride,  as  NaCl  (gm./day) 

10 

-  15 

Chromium  (ms. /day) 

0.1 

-  0.4 

Copper  (mg./day) 

0.1 

-  0.5 

Fluorine  (ms. /day) 

0.2 

-  0.5 

Iodine  (>i s./day) 

35 

-  75 

Iron  (mg./day) 

Below  1.0 

Lead  (mg./day) 

0.05 

-  0.5 

Masnesium  ( ms./day) 

1.0 

-  2.0 

Molybdenum  (ius./day) 

10 

-  30 

Nickel  (^S./day) 

20 

-  30 

Phosphorus  (sm./day) 

0.8 

.  2.0 

Potassium  (mRq./day) 

20 

-  64 

Sodium  (mRq./day) 

150 

-  197 

Solids,  total  (sm./day) 

20 

•  GO 

Sulfates,  total  (sm.day) 

0.6 

-  1.0 

Thiocyanate  (ms./day) 

5 

-  8 

Water  <  liter  day) 

0.5 

-  1.5 

Zinc  (ms. /day ) 

0.3 

.  0.4 

Nitrosen  and  protein  derivatives 

Albumin  (ms./day) 

Less  than  100 

Alpha  amino  nitrosen,  total  (ms.  N/day) 

300 

-  700 

Alpha  amino  nitrosen,  bound  (ms.  N/day) 

100 

-  200 

Alpha  amino  nitrosen,  free  (rag,  N/day) 

120 

-  240 

Allantoic  ( ms./day) 

25 

-  35 

Arsinine  (ms./day) 

50 

-  150 

Crcutine  (ms./day) 

Less  than  100 

Creatinine  <sm.  day) 

1.0 

-  1.5 

Glutamine  (ms.  S'  day) 

10 

-  15 

Glycine  (ms./day) 

170 

-  230 

Histidine  ( ms./day) 

180 

-  250 

Isoleucine  (ms./day) 

17 

-  20 

Leucine  (ms./day) 

20 

-  30 

Lysine  (ms./day) 

73 

-  100 

Methionine  ( ins.  day) 

8 

-  12 

Nitrosen,  total  (sm./day) 

10 

-  18 

Threonine  (ms.  day) 

50 

-  65 

Tryptophane  (ms./day) 

200 

-  400 

Urea  (sm.  day) 

10 

-  40 

Uric  acid  ( sm./day) 

0.2 

-  2.0 

Valine  ( ms./day) 

19 

-  25 

Xanthine  ( ms.  day) 

20 

-  40 

TABLE  IV  (contd.) 


Substance  (unit) 

Usual  range 

Carbohydrates  and  derivatives 

Alpha-ketoglutaric  acid  (mg. /day) 

21 

-  44 

Citric  acid  (mg./day) 

210 

-  470 

Fructose  (mg. /day) 

0 

Pyruvic  acid  (mg. /day) 

10 

-  25 

Total  reducing  sugar  (mg./day) 

0 

-  100 

Fats  and  derivatives 

Acetone  bodies,  total  (mg./day) 

10 

.  100 

Cholesterol  (mg./day) 

0.3 

-  1.0 

Vitamins 

Ascorbic  acid  (mg./day) 

6 

-  18 

Biotin  (pg./dny) 

10 

-  22 

Choline  (mg./day) 

2 

-  4 

Niacin  (mg./day) 

0.2 

-  1.0 

N'-Methylnicotinnmide  (mg./day) 

4 

-  12 

N-MethyI-2-pyridinc-S-carboxyIamide  (mg./day) 

5 

-  10 

Pantothenic  acid  (mg./day) 

1.0 

.  3.5 

Pyridoxine  (mg./day) 

0.05 

-  0.4 

Riboflavin  (mg./day) 

0.4 

-  1.50 

Thiamine  (mg./day) 

0.1 

-  0.4 

Vitamin  A  (IU/day) 

0 

Hormones 

Androsterone  (mg./day) 

1 

-  2 

.  Androgen  (mg./day) 

3 

-  10 

Corticosterone  (mg./day) 

0.1 

-  0.3 

Cortin  (mg./day) 

0.2 

-  2.5 

1 1  - Dcsoxycortieosteroid  (mg./day ) 

0.1 

-  0.5 

Estrogens,  female  (*ig./day) 

50 

-  150 

Estrogens,  mnlc  (pg./day) 

22 

-  26 

Glycogenic  steroids  (mouse  units/day) 

40 

-  80 

17-Ketosteroids,  female  (mg./day) 

5 

-  14 

17-Ketostcroids,  male  (mg./day) 

8 

-  20 

Enzymes 

Diastase  (units/day) 

8 

-  32 

Phosphatase,  acid  (King- Armstrong  units) 

80 

-  300 

Trypsin  (units) 

40 

-  250 

Uro pepsin  (units) 

1.000  -  3,000 

Pigments 

Coproporphyrin,  type  I  (pg./day) 

15 

-  90 

Coproporphyrin,  type  III  (yg./day) 

1 

-  24 

Indican  (mg./day) 

40 

-  150 

Urobilinogen  (mg./day) 

0 

-  4 

Uroporphyrin  (mg./day) 

0 

Blood  gases 

Carbon  dioxide  (inEq./day) 

0 

-  50 

Measurements  of  clinical  interest 

Phenols,  conjugated  (mg./day) 

15 

-  40 

rhonols,  free  (mg./day) 

0.2 

-  0.4 

Phenols,  total  (mg./day) 

15 

-  40 

The  vitlueM  shown  »re  normal  rniifcm  for  various  puilmtjinei**  in  human  urine;  nil  vnlmn*  lire  for 
healthy  iniliviiliiulx  in  u  rvstiwr  eomlition  at  sra  level  in  n  temperate  environment.  The  vnluew  for 
many  mtlwtumvs  «re  elir,e»>  relat«-<|  to  ilietnry  intake  anil  to  exerciae. 
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TABLE  V 

Composition  of  feces 


Substance  (unit) 

Usual  range 

Water 

Specific  gravity  (vs.  water) 

1.030  -  1.100 

Total  solids  (gm./lOO  gm.) 

IB  -  35 

Water  (ml./lOO  gm.) 

65  -  85 

Hydrogen  ion  concentration  (pH) 

7.0  .  7.5 

Minerals 

Aluminum  (mg./day) 

1.5  -  2.9 

Calcium  (gm./day) 

0.1  -  1.0 

Chloride  (mEq./day) 

Traces,  except  in 
diarrhea 

Copper  (mg. /day) 

1.5  -  2.11 

Iron  (gm./day) 

0.7  -  1.0 

Lead  (mg./day) 

0.3  -  0.4 

Manganese  (mg./day) 

1.9  -  2.4 

Molybdenum  (mg./day) 

2  .  4 

Nickel  (mg./day) 

5  -  10 

Phosphorus  (gm.  P/day) 

0.9  -  1.7 

Potassium  (mEq./day) 

19.2  .  22.6 

Sodium  (mEq./day) 

Traces,  except  in 
diarrhea 

Tin  (mg./day) 

0.5  -  1.7 

Zinc  (mg./day) 

5  -  10 

Nitrogen  and  protein  derivatives 

Arginine  (gm./day) 

1.2  -  2.1 

Histidine  (gm./day) 

0.6  -  0.8 

Isoleucine  (gm./day) 

1.4  -  2.3 

Leucine  (gm./day) 

1.8  -  2.9 

Lysine  (gm./day) 

1.9  -  2.9 

Methionine  (gm./day) 

0.5  -  0.8 

Nitrogen,  total  (gm./day) 

0.7  -  2.1 

Threonine  (gm./day) 

1.4  -  2.2 

Valine  (gm.rday) 

1.5  -  2.6 

Carbohydrates  and  derivatives 

Total  reducing  sugar  (mg./day) 

0 

TABLE  V  (contd.) 


Substance  (unit) 

Usual 

range 

Fats  and  derivatives 

Total  fat  (gm./dny) 

1 

-  7 

Total  fat  (percent  by  weight,  dry) 

10 

-  25 

Total  fat,  unsaponifinble  (percent  by  weight,  dry) 

0 

-  5 

Vitamins 

Rcta-carotene  (mg./day) 

1.7 

-  3.3 

Riotin  (wg./day) 

100 

-  200 

Niacin  (mg./day) 

3.5 

-  5.5 

Pantothenic  acid  (mg./day) 

1.8 

-  3.8 

Pyridoxine  (mg./day) 

0.1 

-  0.5 

4-Pyridoxio  acid  (mg./day) 

0.5 

-  0.6 

Riboflavin  (mg./day) 

C.4 

.  1.20 

Thiamine  (mg./day) 

0.2 

-  0.8 

Vitamin  A  (mg./day) 

0.17 

-  0.33 

Hormones 

No  data  available 

Enzymes 

No  data  available 

Pigments 

Porphyrin,  total  (ag./day) 

300 

-  400 

Protoporphyrin  («g./day) 

20 

-  300 

Urobilinogen  (mg./day) 

40 

-  280 

Gases 

No  data  available 

Measurements  of  clinicul  interest 

Racterial  debris  (percent  of  weight,  dry) 

10 

-  30 

Th?  vii him  shown  »ro  normul  rung  vs  for  various  substance*  in  human  free*;  all  values  are  for  healthy 
individuals  in  u  rcntinir  rendition  at  son  level  In  a  temperate  environment.  The  values  for  many 
aubatances  are  closely  relate!  to  dietary  intake.  In  addition,  there  are  large  differences  from  person 
to  person. 


IV.  EXPERIMENTAL  METHODS  AND 
PROCEDURES 

Culturing  procedures 

The  mixed  cultures  from  which  the  pure 
cultures  studied  in  this  work  were  obtained 
were  g’own  on  undiluted  human  waste.  The 
parent  mixed  cultures  were  grown  at  7-day 
and  ill-day  detention  times  and  the  organisms 
recovered  fr«m  each  system  were  identified 
and  tested  separately.  Similar  methods  were 
used  for  the  recovery,  isolation,  and  identifica¬ 
tion  of  organisms  obtained  from  cultures  ac¬ 
climated  to  specific  substrates. 

Raw  waste  was  collected  from  donors  on 
conventional  diets.  The  feces  and  urine  were 
collected  separately  and  a  standard  waste  mix¬ 
ture  prepared  as  needed.  The  standard  waste 

mixture,  based  on  data  supplied  by  Chapman 
et  al.  (G),  consisted  of  the  following: 

Fores  volume  200  ml. 

Urine  volume  t.SOO  ml. 

COO1  (adjusted  to)  23  prm./l'ter 

The  cultures  grown  on  raw  waste  received 
only  that  substrate.  No  other  inocula  were 
intentionally  added.  The  mixed  systems  were 
started  by  adding  1  and  '  1;,  of  the  culture- 
tube  volume  (1100  ml.)  of  raw  waste.  Initially, 
during  the  first  few  days  of  culturing,  addi¬ 
tional  waste  was  withheld  until  the  culture 
hiid  lost  its  odor  of  mcrcaptans  and  skntols. 
The  waste  quantity  was  slowly  increased  until 
each  system  was  receiving  V-  and  1  n  of  its 
volume  daily:  hence  the  cultures  had  7-day 
and  13-day  detentions,  respectively.  Each  day 
an  amount  of  mixed  liquor  was  removed  and 
centrifuged.  Supernatant  was  discarded  in  a 
volume  equal  to  the  daily  volume  of  waste 
added;  the  cells  contained  in  this  mixed  liquor 
were  returned  to  the  culturing  reactor. 

The  cultures  were  grown  at  32  C.  in  a 
constant-temperature  water  bath.  Each  sys¬ 
tem  was  aerated  with  air  dispersed  in  the  bot¬ 
tom  of  the  culture  through  a  glass  tube. 


unviren  dt-muml. 


Although  foaming  was  a  continuing  nuisance, 
antifoams  were  not  employed  because  it  was 
feared  that  alterations  in  surface  energy  could 
affect  the  nature  of  the  microbiota  recovered. 

The  cultures  adapted  to  bilirubin,  pyrrole, 
hestianic  acid,  and  cellulose  were  also  grown 
in  300-ml.  tubes  under  dispersed  air  at  32°  C. 
The  culture  grown  on,  or  adapted  to,  a  single 
substrate  received  an  inorganic  nitrogen  and 
phosphorus  source.  The  inorganic  adjunct  em¬ 
ployed  a  phosphate  buffer  system  with  am¬ 
monia  as  the  nitrogen  source  to  provide  a 
COD  nitrogen  ratio  of  10.  The  latter  ratio  is 
well  within  the  limits  prescribed  by  Saw¬ 
yer  (31)  in  his  work  on  activated  sludge 
nutrition. 

During  the  course  of  the  work,  8  mixed 
cultures  were  developed  on  which  some  deter¬ 
minative  bacteriology  was  carried  out.  Not  all 
were  carried  to  the  point  where  species  could 
be  determined,  nor  were  metabolic  studies 
carried  out  on  all  the  cultures.  There  was 
concern,  however,  regarding  the  general  re¬ 
producibility  of  the  response  to  the  differential 
media  employed.  The  work  was  done  to  dem¬ 
onstrate  the  reproducibility.  The  8  cultures 
developed  from  raw  waste  for  this  work  em¬ 
ployed  the  following  substrates: 

1.  Cellulose  (developed  by  acclimating  human 
waste  cultures) 

2.  Human  waste  (13-day  detention  time) 

3.  Bilirubin  (developed  by  acclimating  hu¬ 
man  waste  cultures) 

•J.  Cellulose  (developed  by  acclimating  human 
waste  cultures) 

5.  Human  waste  1 7-day  detention  time) 

0.  Human  waste  (7-day  detention  time) 

7.  Human  waste  (13-day  detention  time) 

S.  Cellulose  (developed  by  acclimating  human 
waste  cultures) 

Bacterial  isolation  methods 

The  initial  isolation  of  organisms  from  the 
8  cultures  was  accomplished  by  aseptically 
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transferring  a  representative  sample  to  each  cf 
the  following  media; 

Blood  agar  ( Difco  blood  agar  base  B45  plus 
20%  citrated  rabbit  cells) 

Eosin  methylene  blue  (EMB)  agar  (Difco  B76) 

Muelier-Hintor.  agar  (Difco  B-252) 

MarCor.key’s  agar  (Difco  B75) 

Tomato  agar  (Difco  B-389) 

Salmonella -Shigella  agar  (Difco  B74) 

Desoxycholate  agar  (Difco  B273) 

Desoxycholale  citrate  agar  (Difco  B274) 

Dextrose  broth  (Difco  Bl',3 ( 

Nutrient  broth  (Difco  B3) 

After  initial  inoculation  onto  the  medium, 
seeded  cultures  were  incubated  24  hours  at 
37°  C. ;  then  representative  colonies  were  taken 
from  the  various  media  and  transferred  to 
nutrient  agar  slants  (Difco  Bl)  and  stock 
culture  medium  (Difco  B54), 

Subcultures  from  the  8  specimens  were 
identified  by  alphabetic  letters  following  the 
specimen  numeral.  Representative  colonies 
were  as  listed: 

1.  1A,  IB 

2.  2A,  2B,  2FC,  2GHI.2D 

3.  3AF,  3BCDE 

4.  4A,  4B,  40,  ID,  IK,  IF,  4G.  4H,  41 

f>.  fiAOI),  r»B,  ,r>KFG 

(1.  it  A .  lilt,  HO,  Cl) 

7.  .A,  7B,  70,  71).  7E,  7F 

H.  S  ' ,  SB,  HO,  hi),  HF. 

Where  several  letters  are  grouped  after  one 
number  (for  example,  2ti!ll),  it  indicates  that 
this  organism  was  recovered  from  different 
media  seeded  from  the  original  inoculum.  All 
organisms  were  kept  on  stock  culture  modi,,  and 
passaged  every  alternate  month  after  purity 
and  activity  eln  >  ks.  The  preceding  stock  cul¬ 
tures  Were  thou  ties!  roved 


Preparation  of  organisms  for  Warburg  studies 

The  organisms  for  the  Warburg  studies 
were  first  seeded  into  nutrient  broth  and  in¬ 
cubated  at  37  C.  The  growth  from  these 
cultures  resulted  in  very  high  control  oxygen 
consumption.  The  cells  were  washed  in  an 
attempt  to  reduce  the  residua!  concentration 
of  medium,  but  contamination  ran  high.  Next, 
plate  cultures  were  used  to  produce  greater 
numbers  of  organisms.  This  technic  consisted 
of  inoculating  three  petri  plates  of  nutrient 
agar  by  sweep  modulation.  The  plates  were 
incubated  for  36  hours  at  37  C.  The  resulting 
growth  was  suspended  with  a  buffer  solution. 
The  cream-like  suspension  was  transferred 
with  Pasteur  pipets  into  carrying  tubes.  This 
procedure  gave  rise  to  a  high  contamination 
mortality. 

To  cut  down  on  the  contamination  and  to 
give  a  higher  yield,  200  ml.  of  tryptose  blood 
agar  base  (Difco  3232)  was  sterilized  in 
500  ml.  bottles  with  screw  tops  and  allowed  to 
solidify.  Each  bottle  was  laid  on  the  side, 
thus  giving  a  larger  surface  area  for  seeding. 
The  agar  was  inoculated  from  a  fresh  culture 
on  nutrient  agar  by  suspending  the  organisms 
in  the  'water  of  condensation"  flooding  the 
surface  of  the  medium.  Incubation  for  24 
hours  at  37  0.  yielded  n  luxurious  growth 

in  all  instances.  Sterile  glass  beads  were  added 
to  the  bottles  with  10  ml.  of  sterile  buffer. 
Gentle  rocking  back  and  forth  emulsified  the 
organisms  into  a  smooth  creamy  suspension 
with  little  or  no  agar  particles.  Transfer  of 
the  suspension  to  carrying  tubes  and  addition 
of  sufficient  buffer  to  make  a  final  volume  of 
15  ml.  completed  the  procedure.  Sterility  and 
viability  checks  were  then  run  on  the  cultures 
before  releasing  them  for  the  Warburg  studies. 
The  control  oxygen  utilization  in  the  Warburg 
was  still  very  high.  To  eliminate  this  exces¬ 
sive  activity  or  at  least  reduce  it,  a  modifica¬ 
tion  in  the  technic  was  adopted.  The  sterile 
medium  in  the  500-ml.  bottle  was  incubated, 
umunculutcd,  for  two  '  ;vs  at  37  V.  This 
resulted  in  a  large  volume  of  “water  of  con¬ 
densation"  in  the  bottom  <>f  the  bottle;  i.e., 
30  to  50  ml.  This  broth-like  "water”  was  re¬ 
moved  and  the  medium  was  inoculated  by  pure¬ 
ly  meehnnieul  means  rathot  than  by  flooding 


the  surface  of  the  agar.  The  final  pure  suspen¬ 
sion  of  organisms  was  then  incubated  at  37  C. 
for  48  hours  to  allow  the  dense  mass  of  or¬ 
ganisms  to  utilize  any  nutritional  carryover 
from  the  washoff  procedure.  This  method 
strikingly  cut  down  on  the  activity  of  the 
Warburjr  blanks. 

Warburg  experimental  protocol 

The  utilization  of  the  test  substrates  by  the 
pure  and  mixed  cultures  was  determined  in¬ 
directly  by  measuring  the  amount  of  oxygen 
utilized  by  each  culture.  The  amount  of 
oxygen  utilized  was  measured  with  a  14- 
piace  microrcspirometer  ( Bronwill-Warburg 
type).  Each  substrate  was  tested  in  duplicate 
flasks.  The  flasl-.s  contained  1  ml.  of  the  cul¬ 
ture  cell  tissue,  0.2  ml.  of  20'.'  NaOH  in  the 
center  well.  0.1  ml.  of  substrate,  and  an  ap¬ 
propriate  amount  of  monobasic  and  dibasic 
ammonium  phosphate  to  produce  a  COD  to 
nitrogen  ratio  of  10.  A  final  system  volume  of 
2.2  ml.  was  maintained.  The  Warburg  deter¬ 
minations  were  carried  out  at  32  •  0.01  C. 

The  giassware  used  in  these  studies  was  heated 
for  30  mintues  at  300  F.  to  minimize  con¬ 
tamination.  The  air  inlets  on  the  manometers 
were  plugged  with  cotton  to  filter  incoming 
air  at  the  time  of  •\set. 

The  results  of  the  Warburg  studies  were 
computed  as  outlined  by  Umbreit  (42)  and  re¬ 
ported  as  oxygen  utilization  ::i  micrograms 
versus  time.  The  oxygen  utilized  is  reported 
as  the-  net  amount  and  divided  by  the  input 
CO!)  to  obtain  the  oxidation  ratios. 

The  substrates  employed  in  the  study  were 
introduced  into  the  Warburg  flask  in  aqueous 
form  whenever  possible.  If  the  water  solubility 
of  the  substrate  was  low,  a  solvent  was  em¬ 
ployed.  In  most  cases,  the  solvent  could  be 
evaporated  by  slowly  relating  the  flasks  on  a 
shaker  table,  and  when  less  volatile  solvents 
were  used,  gentle  heating  removed  the  last 
traces  of  the  solvent. 

The  substrate  concent  ration  was  determined 
by  calculating  the  theoretical  COD  from  the 
rh'unica!  configuration,  and  then  measuring 
the  COD  by  a  modified  diehromate  method. 


When  substrates  were  used  for  more  than  one 
Warburg,  the  COD  was  repeated  periodically 
to  provide  an  added  check  on  substrate  con¬ 
centration. 

The  substrates  were  introduced  into  the 
Warburg  flask  with  a  tuberculin  syringe,  and 
1-ml.  serologic  pipots.  The  cells  were  intro¬ 
duced  with  sterile  1-ml.  pi  pets.  In  each  in¬ 
stance.  pipets  and  syringes  were  used  for  only 
one  substrate  and  cleaned  immediately  there¬ 
after  to  prevent  substrate  cross-contamination. 

The  Warburg  flasks  were  cleaned  by  the 
following  procedure: 

1.  Rinse  with  tap  water  to  remove  residual 
cell  tissue  and  substrate. 

2.  Soak  in  chloroform  and  scrub  with  a 
brush  to  dissolve  the  silicone  grease. 

3.  Wash  with  Alconox  glassware  deter¬ 
gent  and  rinse  in  tap  water. 

4.  Soak  in  hot  chromic  acid  for  10  min¬ 
utes;  and  rinse  in  tap  water,  and  finally  in 
distilled  water. 

5.  Dry  and  disinfect  in  300  F.  oven  for 
30  minutes. 

Substrate  depletion  protocol 

The  substrate  depletion  studies  were  car¬ 
ried  out  by  use  of  cultures  of  small  volume 
(30  to  60  ml.)  and  a  shaker  table  for  aeration. 
The  substrate  in  each  case  was  sterilized  to 
prevent  contamination  of  the  system,  and  the 
substrate  depletion  was  followed  by  determin¬ 
ing  the  COD  of  the  clarified  supernatant.  The 
systems  were  established  at  a  substrate  con¬ 
centration  of  700  mg.  liter  and  were  tested 
until  Die  rate  of  substrate  depletion  was  ap¬ 
parent. 

Chemical  oxygen  demand 

The  dichromate  COD  test  used  hero  is 
similar  to  the  modification  developed  by 
('key  (2o)  fur  mincing  the  system  volume  and 
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the  required  reflux  time.  In  an  analysis  of 
thirty  substrates.  Okey  found  it  possible  to 
reduce  the  reflux  time  from  2  hours,  as  sug¬ 
gested  by  Standard  Methods  (34),  to  a  period 
of  10  to  20  minutes — and  still  obtain  accurate 
and  precise  results.  In  each  instance  in  which 
the  modified  test  was  used,  the  efficacy  of 
the  method  was  checked  against  a  solution  of 
known  oxygen  demand  or,  when  this  was  not 
possible,  against  the  long  “standard”  reflux 
time.  The  details  of  the  modified  COD  test 
are  as  follows: 

0.500  N  K.Cr.O.  5  in!. 

Concentrated  H..SO,  15  ml. 

Sample  volume  l"  ml. 

Refiux  time  20  minutes 

Back-tit,  ito  excess  K  ,Cr..O-  with  0.25  S  KelNH,).. 
(SO,)  (1H_,0. 

Nitrite  and  nitrate  detection 

The  qualitative  spot  tests  as  outlined  by 
Feigl  (13)  were  employed  to  test  for  the 
presence  of  nitrite  and  nitrate. 

Urochrome  preparation 

Urochronie  was  isolated  essentially  by  the 
procedure  of  Drabkin  (0).  Urine  was  acidified 
with  acetic  acid  to  pH  4  and  extracted  with 
0.1  volume  n-butanol.  After  washing,  the 
alcoholic  solution  was  concentrated,  washed 
with  chloroform,  benzene,  and  ethyl  ether. 
Vrystalli/.ation  was  induced  by  further  con¬ 
centration  and  addition  of  absolute  ethanol. 
Yields  obtained  are  normally  about  70  mg.  per 
daily  urine  output. 

Differential  procedure ' 

Carbohydrate  utilization.  The  individual 
isolates  obtained  from  the  mixed  cultures  were 
tested  hv  the  following  procedures.  The  or¬ 
ganisms  were  introduced  into  phenol  red  broth 
(Difeo  Ht)2)  plus  1',  specific  carbohydrate. 

11 . . 1  .a  . . .  ,  .  (I.  ■  >.  .  ..' 

IS 


The  carbohydrates  used  were  galactose,  mal¬ 
tose,  saccharose,  dextrose,  mannitol,  and  lac¬ 
tose.  The  cultures  were  incubated  at  37  C. 
and  read  at  12,  18,  and  24  hours,  and  at  3,  5, 
7,  and  10  days. 

Carbohydrate  and  HjS  utilization.  Carbo¬ 
hydrate  checks  and  H-S  production  were  run 
on  triple  sugar  agar  slants  (Dift  >  B265)  ;  in¬ 
cubation  was  at  37  C.  Readings  were  taken 
at  4,  8,  18,  24,  48,  and  72  hours. 

Motility  and  IIS  production.  Three  meth¬ 
ods  were  used  to  check  the  motility  of  the 
organisms.  Each  procedure  is  described  in 
detail  in  the  following  paragraphs. 

1.  Hanging  drop.  A  drop  of  8-  to  12  hour 
broth  culture  was  placed  on  a  cover  slip  and 
examined  microscopically.  A  single  concavity 
slide  sealed  with  Vaseline  was  used  as  a  well. 

2.  U-tube.  The  organisms  were  inoculated 
into  0.1 '<  agar  in  a  U-shaped  tube  plugged 
with  cotton  in  both  arms.  The  tubes  were  in¬ 
cubated  at  37  C.  for  24  and  48  hours.  Motile 
organisms  travel  from  the  inoculated  arm  past 
the  bottom  of  the  U  and  up  into  the  uninoculat¬ 
ed  arm  of  the  tube. 

3.  Sulfite  indole  motility  (SiM)  medium. 
The  isolates  were  introduced  into  the  SIM 
medium  by  the  stab  method.  The  inoculated 
tubes  were  incubated  at  37  C.  for  24  and 
48  hours.  Motile  organisms  showed  diffuse 
growth  or  turbidity,  or  both — away  from  the 
line  of  inoculation.  IUS  production  was  in¬ 
dicated  by  a  blackening  along  the  line  of  in¬ 
oculation. 

Indolr  product  inn.  SIM  medium  (solid) 
and  methyl  red  -  Voges-Proskauer  medium 
(Difeo  HI 6  fluid)  were  incubated  for  24  and 
IS  hours  after  inoculation.  Indole  production 
was  demonstrated  by  (a)  Kovacs’s  reagent  and 
<b)  Ehrlich's  test 

Mil -VP  m<  din  ai.  Two  tubes  were  in¬ 
oculated  and  incubated  at  37  C.  After 
12  hours,  a  5-ml.  sample  was  withdrawn  from 
one  tube  and  tested.  The  remainder  of  the 
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culture  was  then  incubated  for  an  additional 
12  hours  and  examined.  Werkman’s  test  for 
V<  ges-Proskauer  reaction  was  used  in  each 
case. 

The  second  tube  was  incubated  for  5  days 
and  the  methyl  red  reaction  carried  out. 

Ammonia  production  or  urea  utilization. 
!  rea  broth  concentrate  (Difco  B280)  and  urea 
agar  concentration  (Difco  B284)  were  prepared 
and  the  appropriate  base  sterilised  in  screw-top 
glass  tubes,  aseptically  mixed,  and  inoculated. 
Incubation  was  at  37  C.  and  readings  were 
t..ken  at  24  hours  and  .‘56  hours. 

Milk.  Ulrich  milk  (Difco  K251 )  was  used 
instead  of  the  more  popular  litmus  milk  as  it 
was  felt  that  a  wider  range  of  reactions  was 
ava  able  with  this  medium,  especially  in  the 
alkali-producing  category  of  organisms.  The 
medium  dispensed  in  screw-top  glass  tubes  was 
incubated  up  to  21  days  at  37  C.  before  final 
reading  were  taken. 

Milk  -  litmus.  Litmus  milk  was  used  at 
the  termination  of  the  identification  program 
in  an  attempt  *o  supplement  the  data  for  more 
definite  classification. 

Gelatin.  Nutrient  gelatin  (Difco  HI  1 )  was 
dispensed  in  screw -top  glass  tubes  and  in  50-ml. 
gktoS  bottles.  The  tubes  were  incubated  at 
rc  uni  temperature,  whereas  the  bottles  were 
incubated  at  37  (’.  after  inoculation.  Stab 
inoculation  was  used  in  both  cases.  The  bot¬ 
tled  media  naturally  liquefied  at  37  C.  and 
after  7  days’  incubation  were  transferred  to 
the  refrigerator  until  the  control  bottle  gelled. 
The  various  cultures  were  then  checked  for 
the  presence  of  liquefaction.  Cultures  were 
then  reincubated  for  7  days  and  the  process  of 
chilling  and  reincubation  continued  for  a  period 
of  50  days.  Results  were  comparable  with 
those  of  the  tubes  incubated  at  room  tempera 
lure,  which  gave  a  scanter  growth,  but  demon¬ 
strated  the  type  of  growth  away  from  the  Inn. 
of  inoculation 

Xitraic  reduction.  Nitrate  agar  (Dim 
15106).  dispensed  in  screw-top  tubes,  was  u 
undated  and  incubated  for  72  hours  at  37  ('. 


The  presence  of  nitrites,  detected  by  sulfanilic 
acid  and  naphthylarnine  reagents,  indicated  the 
reduction  of  the  nitrates  in  the  original  media. 

Sellers’s  differential  medium.  Difco  0895, 
a  comparatively  new  medium,  was  used  to  con¬ 
firm  the  absence  of  the  Mima  pohjmorpha 
group  of  organisms  and  to  assist  in  the  possible 
identification  of  any  of  the  various  species  of 
Pseudomonas  or  Al  cal  ip  cues.  Deep  stab  and 
streak  inoculation  of  the  medium  followed  by 
incubation  at  37°  C.  for  24  hours  did  not  dem¬ 
onstrate  any  of  the  Mima  pohjmorpha  group. 
All  of  the  organisms  under  study  were  not  run 
through  this  medium. 

Nitrogen  production.  Sellers’s  differential 
medium  (Difco  0895)  was  used  as  one  method 
to  demonstrate  the  production  of  nitrogen. 

V.  PRESENTATION  OF  RESULTS 

In  this  section  we  discuss  first  the  isolation 
and  testing  of  the  individual  organisms  derived 
from  the  various  mixed  cultures;  second,  the 
metabolism  of  the  mixed  and  pure  cultures,  and 
third,  the  adsorption  and  special  metabolic 
characteristics  of  the  pure  and  mixed  cultures. 

Presumptive  isolate  identification 

The  bulk  of  the  metabolism  studies  were 
carried  out  with  organisms  derived  from  the 
first  7-dav  and  13-da.v  detenti  n  cultures 
established  for  this  study.  These  were  the 
organisms  labeled  2  and  i.  Considerable  effort 
was  directed  toward  the  identification  of  the 
species  of  these  organisms. 

In  hu..  in  to  the  work  on  the  principal 
microorganism  determinative  work  was  car¬ 
ried  out  on  the  bilirubin  and  cellulose  cultures. 
The  results  these  studies  are  also  reported 
i  t-re. 

Based  on  the  results  of  the  differential 
examination,  which  are  shown  in  table  VI,  the 
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Resvlts  of  differential  tests 
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pure  cultures  have  been  tentatively  identified 
as  follows: 


2GH1 

Pseudomonas 

2FC 

Pseudomonas 

2B 

Paracolon 

2D 

A  fra  lifjr  tics  or  Achromohucft  r 

3AF 

Alralif/mm 

3BCDE 

Alcaligenes  or  Achroniobarier 

4B 

Ca  f f K'lfd  t rtragr na 

5ACD 

A  leulif/rncs 

5F.FG 

A  eh  romokactvr 

5B 

Arhromobacter  or  AlcaUgenes 

8A 

Pit  rill  u  s  spher  iru  a 

8B 

.Vo  ra  rdia 

8D 

M  irrororrus  urcar 

The  colonial  morphology  and  other  per¬ 
tinent  data  are  presented  in  the  following 
paragraphs : 

2A  Low,  convex,  circular;  up  to  !  mm. 
in  diameter  with  entire  edge.  Grayish,  glis¬ 
tening,  gram -negative  rod;  slightly  striated; 

1,0  Mg- 

2B  Umbonate,  circular;  2  mm.  in  diam¬ 
eter  with  entire  edge.  Creamy-white,  dull, 
gram-negative  coeeobaeilli  (diplobaeilli) ;  1.0  ug. 

21)  Low.  convex,  circular;  up  to  1  mm. 
in  diameter  with  entire  faee.  Grayish,  glis¬ 
tening,  gram-negative  rod;  slightly  striated; 

10  Mg. 

2FC  Convex,  eireular;  2  mm.  in  diameter 
with  entire  edge.  Creamy-white,  dull,  gram¬ 
negative  diplobaeilli;  0.7  eg. 

2GIM  Convex  with  papillate  surface,  cir¬ 
cular;  l  to  2  mm.  in  diam  ‘or  with  radically 
striated  periphery  and  a  Inhale  edge.  Grayish, 
dull,  gram  negative  roil;  1.0  »g. 

OAK  Small,  gram-negative  bacilli;  0.5  to 
1.0  Mg. 

5  A  CD  Lo.  ,  convex,  eireular,  1  to  2  mm. 
in  diameter,  with  erenated  edges.  Grayish- 
white,  dull,  grain-negative,  filamentous  rod; 

2.5  ug. 

5B  Convex,  eireular,  ’»  to  ‘-a  mm.  in 
diameter  with  entire  edge.  Grayish,  dull, 
gram  negative  rod;  15  „g. 

5KKG  Low,  convex,  circular  1  mm.  in 
diameter  with  i  reunit'd  edges.  Grayish- white, 
dull,  glam  negative  rod;  2  5  eg 


The  aerobiosis  study  results  were  all  posi¬ 
tive.  The  results  of  the  litmus  milk  study  were 
all  negative — all,  no  change.  The  results  of 
the  Sellers’s  differential  test  for  the  following 
cultures  were  positive:  2A,  2B,  2FC,  2GHI,  6A, 
6B,  61),  7C,  and  7T>. 

Metabolism  of  fecal  and  urinary  constituents 

Mixed-culture  metabolism  studies.  Mixed 
cultures  were  grown  on  undiluted  human  waste 
at  7-day  and  13-day  detentions  as  previously 
described.  The  mixed  cultures  were  subjected 
to  a  series  of  Warburg  studies  to  provide  a 
base  for  the  metabolic  studie.  of  the  pure 
cultures.  The  substrates  employeu  were: 

1.  Sterile  human  waste 

2.  Urea 

:t.  Hippurie  acid 

4.  Uric  acid 

5.  Taurochnlate 
f>.  Glycocholate 
7.  Albumin 

h.  Starch 
!>,  Cellulose 

10.  Coproporphyrin 

11.  Uroehrotne 

12.  Bilirubin 
13  Bilivcrdin 
1  1  Creatine 
15.  Creatinine 
10.  Dextrose 

Although  not  normal  human  waste  con¬ 
stituents,  the  following  substrates  were  also 
studied : 

1.  Pyrrole 

2.  Pyra/.olc 
(’yu|i»|H  jitaiH' 

1.  (  yrlolit  xanr 

Y  ! luxation’  at  itl 
*>.  Trip.iliiutm 
7.  Trit«»u  X  100 
H  Stuliuin  stuaratr 
0  I'ht-nyl  sulfatt* 
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The  results  of  the  Warburg  studies  with  the 
7-day  and  13-day  detention  cultures  are  pre¬ 
sented  in  table  VII.  In  evaluating  the  results, 
several  correlating  mechanisms  were  attempt¬ 
ed.  It  was  decided  to  relate  the  amount  of 
oxygen  used  by  the  substrate  flasks  (minus  the 
control)  to  the  COD  of  the  substrate  added. 
According  to  available  data  a  ratio,  here 
termed  the  oxidation  ratio,  of  approximately 
0.6  represents  substantially  complete  utiliza¬ 
tion  of  the  substrate,  the  remainder  of  the 
substrate  being  utilized  for  synthesis.  Unac¬ 
climated  microbial  systems  may  use  a  greater 


fraction  of  the  substrate  for  energy,  presum¬ 
ably  to  synthesize  the  enzymes  required  for 
rapid  substrate  utilization. 

Pun  -cult m  e  mt  taludism  studies.  The  series 
of  substrates  employed  in  the  metabolism 
studies  of  mixed  cultures  was  employed  as  well 
in  the  study  of  pure-culture  metabolism. 

The  oxidation  ratios  for  each  substrate  and 
organism  are  presented  in  table  VIII.  All 
metabolic  data  are  summarized  in  table  IX. 


TABLE  VII 

Oxi/pen  uptake  and  oxidation  ratios  for  mixed  and  pare  cultures: 

mixed  cultures 


TABLE  VIII 


Oxi/t/t  n  uptake  and  oxidation  ratios  for  mixed  and  pure  cultures: 
pure  and  bulk  cultures 


Substrate 

Input  COD 

j 

Net  0;,  utilized 
(eK-) 

Net  0.,  utilized 

COO  input 

2A 


Taurocholate 

lpr, 

20 

0.102 

(llycorhidate 

ir.i 

•10 

0.205 

Dextrose  ( 1 1 

21 1 

130 

0.009 

Dextrose  (2) 

•lf.ll 

405 

1.01 

Dextrose  (11) 

1  .Hf.fi 

355 

0.333 

Creatinine 

<ip2 

255 

0.257 

Stenrie  acid 

7110 

100 

0.219 

Albumin 

250 

0 

No  metabolism 

Raw  waste  )  1 ) 

r.do 

130 

0.245 

Raw  waste  (2) 

07-1 

230 

0.230 

Triton  X-IOfl 

<120 

350 

0.380 

Droehrome 

7.500 

200 

0.0207 

Coproporphyrin 

l.S'Ot 

00 

0.0318 

Tripalmitin  (  1) 

XI 5 

or 

0.075 

Tripalmitin  (2) 

00 

(  reatine 

117 

30 

0.204 

Sulfate  (1) 

500 

205 

0.410 

Sulfate  (2) 

800 

200 

0.325 

Cellulose  ( 1 1 

l.l.'tH 

50 

0.0439 

Cellulose  (2) 

455 

110 

0.242 

Cellulose  Id) 

1.138 

320 

0.280 

llexanoio  aeid 

815 

(1 

No  metabolism 

Ilippurie  aeid 

750 

155 

0.207 

1  'rie  aeid 

250 

170 

0.080 

Starch 

020 

0 

No  metabolism 

211 


Raw  waste  (1) 

493 

100 

0.324 

Raw  waste  (2) 

530 

170 

0.521 

Raw  waste  (3) 

r.im 

2ir> 

0.480 

Dextrose  <  1 ) 

200 

0.4  87 

Dextrose  <2» 

ii'.t) 

420 

0.914 

Dextrose  (?l) 

400 

40 

0.087 

Creatinine  (  1 1 

490 

1) 

No  metabolism 

Creatinine  (2) 

31  1 

0 

No  metabolism 

St.  arie  aeid  ( 1 ) 

1.100 

700 

0.179 

Stearic  aeid  (2) 

105 

0.500 

190 

r. 

0.0255 

< II  vrnrholatr 

151 

0 

No  metabolism 

('..prop. u-pliyrin  (1) 

3  SO 

0 

No  metabolism 

< 'opmporphyrin  (?) 

1.890 

30 

0.010 

Creatine  (  1 ) 

1  17 

0 

No  metabolism 

Creatine  (2) 

0 

No  metabolism 

Sulfate 

iHHi 

410 

0.11  1 

Triton 

•»20 

450 

0. 158 

!Trorbromo 

7.500 

530 

0.071 

(Ylhlli*S»* 

I.l  :s 

sr> 

0.075 

Tripalmitin 

555 

50 

0.1  19 

Starch  ( 1 ) 

r.jo 

10 

0.010 

TABLE  VIII  (contd.) 


Substrate 

Input  COD 

(ms:.) 

Net  02  utilized  1 

4et  0;,  utilized 

(alt.) 

COD  input 

Starch  (2) 

386 

35 

0.091 

Uric  acid 

230 

235 

0.940 

Hexanoic  acid 

815 

no 

0.135 

Hippuric  acid 

750 

65  1 

0.086 

2D 

Tripalmitin  (1) 

600 

25 

0.0416 

Tripnlmitin  (2) 

670 

0 

No  metabolism 

Coproporphyrin  (1) 

756 

10 

0.0132 

Coproporphyrin  (2) 

1,512 

0 

No  metabolism 

Tnurocholate  (t) 

106 

5 

0.0255 

Taurocholate  (2) 

196 

55 

0.280 

Glycocholatc  (1) 

151 

50 

0.331 

Glycocholatc  (2) 

151 

40 

0.265 

Raw  waste  (1) 

500 

325 

0.650 

Raw  waste  (2) 

or,<) 

650 

0.258 

Raw  waste  (3) 

974 

200 

0.206 

Raw  waste  (4) 

500 

590 

1.18 

Raw  wusto  (5) 

530 

100 

0.189 

Dextrose  (1) 

214 

150 

0.701 

Dextrose  (2) 

1,066 

410 

0.384 

Creatinine 

002 

200 

0.202 

Creatine 

147 

120 

0.816 

'  Stearic  acid 

73u 

135 

0.185 

Albumin 

250 

0 

No  metabolism 

Urochrome 

7,500 

250 

0.3333 

Cellulose 

1,138 

330 

0.318 

Hexanoic  acid 

815 

365 

0.448 

Hippuric  acid 

750 

125 

0.168 

Uric  acid 

250 

110 

0.440 

Starch 

620 

0 

No  metabolism 

Sulfate 

990 

340 

0.344 

Triton  X-10O 

920 

160 

0.174 

2FC 

Sulfate 

1  990 

50 

0.050 

Triton  X-100 

!  920 

80 

0.087 

Raw  waste  ( 1 ) 

1,030 

265 

0.258 

Raw  waste  (2) 

500 

500 

1.00 

Raw  waste  (3) 

974 

220 

0.226 

Dextrose 

1,066 

400 

0.376 

Creatinine  fl) 

992 

535 

0.540 

Creatinine  (2) 

199 

0 

No  metabolism 

Stearic  acid 

730 

275 

0.377 

Albumin 

250 

0 

No  metabolism 

Hexanoic  acid 

1,242 

505 

0.406 

Hippuric  acid 

1,630 

670 

0.411 

Uric  acid 

667 

152 

0.228 

Starch 

1,185 

0 

No  metabolism 

Urochrome 

7,500 

540 

0.072 

Coproporphyrin  (1) 

1,890 

0 

No  metabolism 

Coproporphyrin  (2) 

080 

110 

0.290 

196 

148 

0.755 

TABLE  VIII  (contd.) 


Substrate 

Input  COD 

(«K.) 

Net  0;  utilised 

(MR.) 

Net  0,  utilized 

COD  input 

(ilyrnoholate  (1)  ! 

! 

1M 

10 

0.000 

(!Iyo»i*h<ilatr  (2) 

202 

180 

o.r.oo 

<  'ivutim* 

1  17 

7!* 

o.roi? 

Tripalmitin  (1) 

0 

No  metabolism 

Tripalmitin  (2) 

0 

No  metabolism 

( Vlhilosi* 

i,i:m 

0 

No  metabolism 

2GHI 


Haw  w aste  (  1 ) 

071 

100 

1  0.107 

Haw  waste  (21 

470 

I  ,700 

1 .20 

Haw  waste  CD 

r.i;. 

200 

0.707 

Haw  waste  (l) 

,100 

700 

1.00 

Dextrose  ( 1 ) 

1,000 

087 

0.201 

Dextrose  (21 

214 

117 

0.127 

Creatinine 

<IP2 

20 

0.021 

Stearie  arid  ( 1 ) 

7110 

200 

t  0.411 

Stearic  arid  (2) 

400 

1.77 

Albumin 

2.70 

0 

No  metabolism 

Sulfate 

•too 

27.7 

0.27K 

Triton  X-100 

020 

240 

0.270 

Cellulose  ( 1 1 

l.i  ::h 

210 

0.184 

Cellulose  (2) 

1,108 

277 

0.242 

Tnpalmitin  (1) 

208 

110 

0.410 

Tripatmitin  (2) 

20.8 

0 

No  metabolism 

Coproporphyrin  (1) 

770 

227 

0.208 

Coproporphyrin  (2) 

770 

00 

0.110 

Ta  urocholate 

100 

127 

0.(129 

C.lyrorholate 

111 

0 

No  metabolism 

Creatine 

117 

120 

0.8 1(1 

Ilexanoic  arid 

021 

280 

0.4.71 

Hippurie  acid 

817 

407 

0.770 

t’rii  arid 

80 

0.241 

Starch 

7o:> 

0 

No  metabolism 

Crorhrome 

1,700 

0 

No  metabolism 

2-Hulk 


Haw  waste  (1)  | 

700 

930 

1.8(1 

Haw  waste  (2) 

r»  rm 

900 

1.80 

(Vllulosi*  <  1 ) 

1.128 

200 

0.2(14 

Cellulose  (2> 

1,128 

270 

(1.220 

Starch  i  1 1 

482 

1.70 

0.211 

Starcli  >  i 

482  1 

1.10 

0.211 

Creatine  i  1 ) 

2(1(1 

21.1 

0.787 

Cis  atinr  I  2 1 

200 

0.747 

Creatinine  1 1 ) 

202 

200 

0.710 

Creatinine  (2) 

202 

100 

0.277 

Coproporphyrin  ^ 

1 ,880 

0 

No  metabolism 

Uroehrome 

7,700 

0 

No  metabolism 

Tripalmitin 

:u:» 

0 

No  metabolism 

Sulfate 

000 

170 

0.171 

Albumin 

427 

117 

0.271 

Taurorholatc 

10(1 

47 

0.229 

TABLE  VIII  (contd.) 


Substrata 

Input  COD 

(Mg.) 

Net  02  utilized 

(Mg.) 

Net  O,  utilized 

COD  input 

Glyeocholate 

151 

70 

0.401 

Stearic  arid 

202 

190 

o.or.o 

Dextrose 

214 

nr. 

0.536 

Triton  X-100 

920 

290 

0.315 

SACD 


Sulfate 

990 

0 

No  metabolism 

Triton  X-100 

920 

0 

No  metabolism 

Creatinine  (1) 

314 

75 

0.239 

Creatinine  (2) 

992 

610 

0.615 

Creatinine  (3) 

314 

180 

0.573 

Cellulose 

1,138 

88 

0.077 

Uroehrome 

7,500 

190 

0.025 

Tripalmitin  (1) 

258 

2 

0.075 

Tripalmitin  (2) 

208 

0 

No  metabolism 

Raw  waste  (1) 

500 

395 

0.790 

Raw  waste  (2) 

530 

125 

0.236 

Raw  waste  (3) 

974 

350 

0.359 

Raw  waste  (4) 

500 

475 

0.950 

Hexanoic  arid 

815 

280 

0.343 

Hippurir  arid 

750 

550 

0.734 

Urir  arid 

250 

150 

0.600 

Starrh 

620 

50 

0.081 

Dextrose  (1) 

1,066 

425 

0.399 

Dextrose  (2) 

460 

170 

0.369 

Stearic  arid  (1) 

730 

380 

0.520 

Stearic  arid  (2) 

292 

85 

0.291 

Albumin 

250 

0 

No  metabolism 

Creatine  (1) 

366 

225 

0.616 

Creatine  (2) 

147 

86 

0.585 

Taurocholatc 

196 

80 

0.407 

Glyrorholate 

151 

95 

0.629 

Copro  porphyrin 

380 

40 

0.105 

5n 


Taurocholate 

196 

135 

0.690 

Glycocholate 

151 

195 

1.29 

Stearic  arid  (1) 

0(|0 

225 

0.771 

Stearic  acid  (2) 

730 

0 

No  metabolism 

Albumin  (1) 

560 

240 

0.429 

Albumin  (2) 

500 

1,675 

3.35 

Raw  waste  (1) 

974 

1,150 

1.18 

Raw  waste  (2) 

5.30 

210 

0.452 

Dextrose  (1) 

1,066 

0 

No  metabolism 

Dextrose  (2) 

:\m 

0.835 

Creatinine 

M2 

0 

No  metabolism 

Sulfate 

990 

90 

0.091 

Triton  X-100 

920 

0 

No  metabolism 

Tripalmitin 

335 

0 

No  metabolism 

Uroehrome 

7,500 

0 

No  metabolism 

Coproporphyrin 

1,890 

50 

0.026 

Cellulose 

1,138 

180 

0.158 

TABLE  VII!  (rontd.) 


Substrate 

Input  COD 

<m(T> 

Net  0._.  utilized 
(eK) 

Net  O.,  utilized 

CO!)  input 

llrxanmc  acid 

Hir> 

•too 

o.:tr,H 

Hipjniric  acid 

750 

125 

o.i  or, 

1  'l  ie-  arid 

250 

loo 

(MOO 

Starch 

020 

0 

N'n  metabolism 

5EFC. 


Sul  fate 

000 

0 

No  metabolism 

Triton  X-  i  00 

020 

50 

0,050 

Haw  waste  ( 1 ) 

520 

1.25 

0.255 

Haw  waste  (2) 

rrto 

1,250 

2.55 

Haw  waste  01) 

500 

155 

u.OlO 

llexanoie  aeid  j 

HI  5 

0 

No  metabolism 

llippurie  aeid  I 

750 

:too 

(M00 

Crie  aeid 

250 

115 

(U«j 

Stareh 

020 

0 

Nr  metabolism 

Dextrose 

1 ,000 

000 

0.5(58 

Creatine 

1 17 

05 

0.071 

Creatinine  (  1) 

002 

100 

0.101 

Creatinine  (2' 

002 

05 

0.055 

Stearie  aeid  ( 1 ) 

7:to 

225 

0.1 15 

Stearin  aeid  (2) 

•*o>* 

58 

0.100 

Albumin 

250 

0 

Nn  metubolism 

Copiop.,rphyrin 

1,512 

85 

0.0118 

Croehroine 

7.500 

0 

N’n  metabolism 

Tripalmitin 

208 

■15 

0.108 

Cellulose 

1,1.18 

0.107 

Tatiroebolate 

100 

150 

0.705 

(•lyeoi-holate 

151 

1  50 

0.221 

5-Hulk 


Cnproporphyrin  (1) 

750 

155 

0.205 

Cnproporphyrin  (2) 

280 

nr, 

0.282 

Creatine  (1) 

117 

220 

1.40 

Creatine  (2) 

117 

215 

1,10 

Crnehrome 

7,500 

.*IK5 

0.051 

Trijiahuitin 

2  10 

0 

No  metabolism 

Ci'lluluse 

1,182 

520 

0,148 

Sulfate  (1) 

turn 

500 

0.505 

Sulfate  (2) 

ooo 

210 

0.212 

Starch 

■122 

500 

1.105 

Triti  n  X  100 

'.♦20 

775 

0.812 

Alhtnnin 

.25 

280 

0.805 

Tanrochidatc  { 1 ) 

100 

100 

0.070 

Tiiumdudatc  f  l! ) 

j  100 

225 

1.20 

(ilycucludatc  i  1 ) 

151 

225 

1,10 

(tlyciu  hnlatc  (2) 

;  m 

.215 

2.0',* 

Stearic  {  1 ) 

202 

170 

0.582 

Stearie  acid  (2) 

170 

0.5*2 

l)cxtn»M*  i  t ) 

211 

205 

in 

Ih-vtmse  (2) 

211 

:oh» 

1,10 

Dextrine  (2) 

211 

05 

0.004 

Raw  waste 

252 

t 

155 

0.015 

TABLE  IX 

Extent  of  substrate  oxidation  ( summary) 


Substrate 

2A  ! 

!  i 

2K  \  2D 

2FC  J 

2GHI 

Organism 

2-Hulk  !  5ACD 

|5EFG 

j  5H 

Is-BulK 

7- Hay 

1 

113-Day 

258  1 1.00 
.226  |  0.505 
0.195 


0.410  i  0.00 
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Adsorptive  and  special  metabolic  studies 

Suh.<!  rut  i  ndsiir/itiou  htj  nun  cultures. 
Studies  were  carried  «>ut  to  determine  the  order 
of  substrate  removal  by  pure  cultures.  The 
cultures  used  in  this,  work  were  -elected  for 
their  ability  to  assimilate  those  substrates 
shown  to  be  adsorbed  in  previous  w..rk.  Chap¬ 
man  et  a),  (til  demonstrated  that  human  waste 
components  and  albumin  were  rapidly  adsorbed 
onto  activated  sludge.  The  removal  pattern 
was  shown  to  be  a  first-order  or  concentration- 
dependent  phenomenon.  The  substrate  deple¬ 
tion  experiments  were  carried  out  as  outlined 
in  the  experimental  protocol. 

The  adsorption  studies  indicated  that  little 
or  no  adsorption  onto  the  pure  cultures  took 
place. 

Six  cio!  uk  idholiyui  stl‘di<  s 

1.  Adaption  to  hestianic  acid.  Previous 
worn  (6)  has  indicated  that  cultures  of  high- 
solids  activated  sludjre  accumulate  varying 
quantities  of  a  refractory  brown  pigment. 
These  materials  were  given  the  general  name 
of  hestianic  acid.  Emanuei  (11).  in  a  detailed 
study  ot  the  complex  mixture  of  materials  so 
described,  tentatively  concluded  that  the  mate¬ 
rials  were  melanin-like.  Although  not  well 
documented,  it  appeared  that  these  substances 
were  in  a  higher  concentration  in  long  deten¬ 
tion  (10-  to  20-day)  systems  than  in  those 
operating  on  shorter  detention  times. 

Tt  evaluate  the  assimilability  of  hestianic 
acid.  .  300-ml..  13-day  detention  culture  was 
established  as  previously  described  and  per¬ 
mitted  to  accumulate  nestianic  acid.  The  latter 
material  was  precipitated  from  the  discarded 
supernatant  each  day  by  use  of  the  separation 
procedure  of  Chapman  (6).  The  precipitate 
was  ilicn  washed,  neutralized,  ami  returned  to 
the  culture.  After  30  days  of  such  operation, 
the  culture  had  accumulated  207  mg  dry 
weight  of  material  which  responded  to  the 
separation  procedure.  The  hestianate  was  re¬ 
turned  to  the  culture  and  the  system  was 
aerated  for  .'50  days.  At  the  end  of  the  30-day 
period,  the  separation  was  repeated  and 


200  mg.  of  hestianic  acid  were  recovered.  The 
culture  was  unable  to  assimilate  glucose  at  this 
point  and  gave  every  indication  of  not  being 
viable.  Hence,  no  organisms  were  recovered, 
ant!  no  further  efforts  were  made  to  adapt 
organisms  to  hestianate. 

2.  Adaption  to  bile  pigments.  Early  work 
«>n  this  contract  indicated  that  neither  bilirubin 
nor  bilit  erdin  was  rapidiy  assimilated  by  acti¬ 
vated  sludge  To  examine  the  problem  further, 
a  culture  (  3-day  detention)  receiving  only 
waste  was  fed  a  waste  mixture  enriched  with 
10  mg.  liter  of  sodium  bilirubinate.  This  mix¬ 
ture  was  fed  for  a  period  of  3  months  at  the 
end  of  which  time  the  cells  were  subjected  to 
Warburg  study. 

Sodium  bilirubinate  was  prepared  by  adjust¬ 
ing  a  suspension  of  bilirubin  to  pH  7.3  with 
XaOH.  The  bilirubin  culture  utilized  about 
100  n g.  of  oxygen  over  the  blank.  This  con¬ 
stitutes  about  14H  -o  16H  of  the  theoretic 
amount  based  on  data  of  Servizi  and 
Bogan  (32).  This  roughly  correlates  with  the 
oxygen  required  to  oxidize  the  side  chains  to 
carboxyl  groups  adjacent  to  the  pyrrole  rings. 
This  extent  of  oxidation,  encouraged  additional 
work  in  two  areas — the  isolation  and  study  of 
single  organisms  from  the  culture  exposed  to 
bilirubin,  and  a  specific  analysis  of  the  biode¬ 
gradability  of  pyrrole  and  a  group  of  similar 

compounds. 

Two  organisms  were  isolated  from  the 
culture  exposed  to  bilirubinate — 3AF  and 
3BCDE.  The  organisms  were  studied  further 
in  Warburg  analysis.  The  organisms  showed 
about  the  same  ability  to  assimilate  bilirubin, 
Biliverdin,  however,  appeared  more  refractory 
than  bilirubin,  and  neither  organism  could 
assimilate  pyrrole,  although  3BCDE  appeared 
to  assimilate  a  small  quantity  of  pyrazole.  Both 
organisms  demonstrated  a  substantial  capa¬ 
bility  to  assimilate  raw  waste. 

The  culture  which  was  fed  pyrrole  as  a  sole 
carbon  source  was  started  at  10  mg.  liter  and 
increased  uniformly  for  a  week  until  the  sub¬ 
strate  concentration  was  200  mg.  liter.  At 
this  point,  the  cells  were  employed  in  a  War¬ 
burg  study. 


The  culture  metabolized  no  pyrrole  although 
the  concentration  in  the  Warburg  flask  was 
substantially  the  same  (150  mg.  liter)  as  the 
final  concentration  of  that  material  fed  to  the 
culture.  Interestingly,  the  culture  exposed  to 
pyrrole  was  able  to  metabolize  substantia) 
quantities  of  cyclohexanol  and  cyclopentane; 
however,  no  bilirubin  was  utilized. 

The  culture  was  reinoculated  with  300  mg. 
liter  per  day  of  raw  waste  and  fed  both  pyrrole 
and  raw  waste  at  that  rate  for  2  weeks.  The 
cells  derived  therefrom  were  employed  at  that 
time  for  further  Warburg  studies.  These  data 
are  presented  in  tables  X  and  XI. 

In  the  study  employing  the  cells  from  the 
culture  receiving  both  pyrrole  and  raw  waste, 


12'.'  to  16'i  of  theoretic  gas  uptake  for  bili¬ 
rubin  was  again  observed.  In  addition,  some 
small  quantity  of  pyrrole  appeared  to  be 
utilized. 

3.  Adaption  to  cellulose.  The  j procedure 
employed  in  the  study  of  cellulose  adaptation 
and  metabolism  by  pure  cultures  was  similar 
to  the  methods  described  in  the  previous  sec¬ 
tion  dealing  with  bile  pigments  and  hestianic 
acid.  No  problem  was  encountered  in  develop¬ 
ing  a  mixed  culture  capable  of  metabolizing 
cellulose  as  a  sole  carbon  source.  Difficulty 
was  encountered  in  growing  an  adequate  quan¬ 
tity  of  cells  on  cellulose  for  *he  Warburg 
studies. 


TABLE  X 


Oxyyni  uptake  and  oxidation  ratio s  for  mixed  and  pure  cultures 


Substrate 

j  Input  COD 

(Mg) 

Net  0.,  utilized 

(Mg.) 

i - 

[Net  O.,  utilized 
j  COD  input 

-  """  1  ‘  j  1 

1 

1 

3BCDE 


Raw  waste 

1  5)80 

405 

0.505 

Hiiinibin 

<•8(1 

125 

0.128 

Oyi  lopentane 

10,400 

too 

0.0006 

Pyrrole 

6,  ISO 

0 

No  metabolism 

Pyraznle 

:too 

78 

0.260 

3AF 


Raw  waste 

<180 

500 

0.510 

Bilirubin 

080 

35 

0.0357 

Biliverdin 

5O0 

0 

No  metabolism 

Pyrrole 

300 

10 

0.030 

P>  ra/ole 

300 

40 

0.163 

Bilirubin 


Raw  waste 

1,030 

552 

0.536 

Bilirubin 

1,070 

117 

0.100 

(’yelnpentano 

10,400 

136 

0.013 

Pyrrole 

300 

0 

No  metabolism 

Pyraznle 

300 

<> 

No  metabolism 

30 


TABLE  XI 

Oxygen  uptake  and  oxidation  ration  for  mixed  and  pure  cultures 


Substrate 

trout  COD 

I  Ml?-) 

Net  0  ,  utilized 

(etc  ) 

Ib'et  02  utilized 
j  COD  input 

1 

1 

Pyrrole 

1 

Cyclohexane 

1,000 

j  105 

0.105 

Cyclopentane 

1.000 

229  1 

0.229 

Tv  r  azoic 

.300 

!  0 

No  metabolism 

Pyrrole 

300 

!  *  i 

No  metabolism 

Bilirubin  i 

980 

■ 

No  metabolism 

Pyrrole  -  raw  waste 

Pyrrole 

I  692 

00 

0.0868 

Bilirubin 

900 

tor.  I 

0.167 

Raw  waste 

_ : 

103 

_ 

415 

4.02 

-  -  -  - 

A  yreat  deal  of  time  was  expended  in  at¬ 
tempting  to  transfer  the  organisms  from  a 
mixed  mother  culture  to  small  sterile  vessels 
containing  mineral  salts  and  cellulose.  These 
attempts  were  not  successful  in  that  no  utilisa¬ 
tion  of  cellulose  co..ld  be  demonstrated  in  the 
Warburg  apparatus  over  a  24-hour  period,  al¬ 
though  some  cell  proliferation  did  occur. 

Later  attempts  at  organism  isolation  in¬ 
volving  the  use  of  sterile  waste  enriched  with 
cellulose  were  more  successful.  In  summary — 

1.  Cellulose  suspended  in  distilled  water  failed  to 
give  any  growth. 

2.  ( Vllulose  ayar  (1C  ayar  *  5'',  cellulose  in 

phosphate  buffer)  also  nave  no  growth. 

•'!.  ('ellulose  ayar  I  I',  ayar  (  1  •  V  eellulose,  O..V  , 

peptone  in  phosphate  buffer)  ynvo  only  a  little  growth. 

•I.  Raw  waste  was  diluted  to  il  cm.  liter.  A  eellu¬ 
lose  suspension  at  1J  ■  cm  liter  was  prepared  with  the 
usual  phosphate  ammonia  buffer.  A  series  of  K  tubes 
cnhtuininy  h  ml.  < » f  a  sterile  mixture  of  the  rou¬ 
st  iluents  ill  method  I  was  prepared  aciordmy  to 
table  XII. 

The  tubes  were  inoculated  from  nutrient 
attar  slants  and  incubated  for  a  total  of  70  days 


TABLE  XII 

Media  employed  for  growth  of  cellulose-using 
organisms 


Tub 

— i — 

>.  ;  Raw  waste*  (ml.) 

Cellulose*  (ml). 

l 

8 

0 

‘> 

i 

1  n 

2 

3 

1  1 

•1 

1 

3 

5 

f> 

;  •> 

6 

0 

1 

7 

1 

j  0.5 

7.5 

8 

_  j _ " 

8 

•111  .  p. .1- 

at  .‘>7 

tjnod  active  yrowth  was  found  in 

till  tubes  ranyiny  from  raw  waste  to  101)77 
cellulose  with  the  following  oryanisms:  2FC, 
2(1111,  Oil,  7B,  7F,  and  8A. 

Plate  ■  Hints  were  made  from  the  cultures 
prepared  l»v  method  1  to  indicate  the  concentra¬ 
tion.  The  100'.  cellulose  culture  was  used  for 
the  plate  count,  diluted  in  tryptose  blood  ayar 

:?1 


base  with  dilutions  of  1/1,000  and  1/10,000. 
Pour  plates  were  incubated  for  18  hours. 
Colony  counts  resulted  in  the  following  yields: 

Organism  Organisms  per  milliliter 

2FC  2,000 

2GH1  7,848,000 

0B  4,184,000 

7B  .781,000 

7F  583,000 

8A  148,000 

After  the  completion  of  the  work  described 
in  the  previous  paragraph,  Warburg  studies  of 
cellulose  metabolism  were  carried  out  with  the 
bulk  of  the  organisms  harvested  for  Warburg 
study  as  previously  described.  These  organ¬ 
isms  showed  a  surprising  amount  of  cellulolytic 
activity  with  little  of  the  lag  time  which  nor¬ 
mally  characterized  cellulose  utilization  by 
activated  sludge.  The  data  concerning  cellulose 
utilization  by  the  pure  cultures  were  presented 
in  the  section  dealing  with  the  metabolism  of 
the  pure  cultures. 

VI.  DISCUSSION 

Significance  of  observed  metabolic  patterns 

The  results  of  the  metabolism  studies  per¬ 
mit  a  broader  characterization  of  the  activated 
sludge  process  than  heretofore  possible.  Al¬ 
though  lags  and  other  metabolic  aberrations 
prevented  the  acquisition  of  quantitative  data, 
the  use  of  raw  waste  and  glucose  as  standard 
substrates  permits  comparisons  which  can 
serve  in  lieu  of  more  specific  <i  a  ititative 
information.  Every  effort  was  i.i  .v.  to  main¬ 
tain  the  cultures,  both  mixed  and  pure,  in  the 
best  condition  to  insure  uniformity  of  behavior. 
Wherever  possible,  replicate  tests  were  sep¬ 
arated  by  long  periods,  greater  than  2  weeks,  to 
evaluate  any  problems  introduced  by  mutation 
and  reversion. 

The  organisms  identified  in  the  present 
work  have,  for  the  most  part,  been  previously 
noted  in  activated  sludge.  Hence,  it  is  assumed 
that  the  comments  pertaining  to  activated 
sludge  operation  probably  are  general  and  a[>- 
ply  equally  to  the  high-solids  and  conventional 
system. 
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It  has  been  frequently  postulated  that  no 
one  organism  could  possibly  carry  out  the  steps 
required  for  all  the  saprophytic  activity  seen 
in  activated  sludge.  Ingram  (20),  as  men¬ 
tioned  earlier,  made  such  a  statement  in  his 
review  of  activated  sludge  microbiology.  The 
concept  is  derived  from  the  assumption  that 
a  tightly  controlled  symbiosis  exists  in  activat¬ 
ed  sludge;  a  relationship  in  which  organism  A 
alters  substrate  A'  to  B',  then  organism  B  alters 
B'  to  C',  and  so  on.  Hence,  organism  B  removes 
waste  produce  A',  and  so  on — a  true  symbiosis. 

What  has  been  observed  in  the  present 
work,  however,  does  not  support  the  concept 
of  a  symbiotic  relationship.  What  is  seen, 
instead,  is  a  commensal  relationship,  in  which 
the  activity  of  a  few’  macromolecule-users  bene¬ 
fits  many  other  organisms  unable  to  assimilate 
complex  substrates.  The  data  obtained  in  this 
study  permit  a  clearer  understanding  of  the 
commensal  relationship. 

To  provide  a  means  of  evaluating  the  re¬ 
sults  of  the  metabolism  study,  tables  XIII  and 
XIV  have  been  prepared.  The  data  presented 
therein  have  been  organized  in  such  a  fashion 
as  to  provide  a  means  of  recognizing  the  more 
resistant  substrates  and  to  evaluate  the  effects 
of  commensalism. 

Although  many  substances  did  not  appear 
to  undergo  complete  metabolism  when  offered 
singly,  Okey  and  Bogan  (26)  have  shown  that 
the  presence  of  alternate  substrates  will  assist 
in  the  complete  assimilation  of  a  new  or  some¬ 
what  refractory  material.  For  this  reason, 
oxidation  ratios  of  0.3  to  0.4  may  well  be  0.6  to 
0.7  when  the  test  substrate  is  augmented  with 
additional  metabolites.  Hence,  an  oxidation 
ratio  of  0.3  has  been  arbitrarily  chosen  to 
represent  substantial  but  incomplete  metab¬ 
olism.  The  lower  limit  of  0.1  was  used  in 
table  XV  because  it  roughly  represents  the 
limit  of  reproducibility  of  the  Warburg  pro¬ 
cedure. 

The  existence  of  commensal  relationships 
can  be  noted  in  tables  X1U,  XIV,  and  XV  by 
observing  the  extent  of  metabolism  by  mixed 
or  bulk  cultures  as  compared  to  that  of  the 


TABLE  XIII 

Observed  index  of  substrate  biodegradability 


Substrate 

Number  of 
tests 

Examinations  yielding  oxidation 
ratios  >  0.6 

Isolates  with  oxidation 
ratios  >  0.6  (%) 

Total 

Mixed 

Bulk 

Pure 

Erie  add 

10 

5 

2 

NT 

3 

5  7.5 

Hippurie  acid 

10 

2 

1 

NT 

1 

12.5 

Hexanoie  acid 

10 

1 

1 

NT 

" 

0 

Creatinine 

17 

4 

2 

0 

2 

12  .5 

Creatine 

1-1 

7 

1 

2 

4 

r.o.o 

Starch 

14 

1 

0 

i 

0 

0 

Cellulose 

If. 

0 

0 

0 

0 

0 

Phenyisulfate 

13 

0 

0 

0 

0 

Triton  X-100 

13 

1 

II 

1 

0 

Stearic  acid 

17 

4 

1 

1 

2 

25.0 

( sodium  salt) 

Glyooeholate 

15 

f. 

2 

5 

i 

12.5 

Tauroeholate 

It 

8 

2 

•> 

4 

50 

Albumin 

14 

5 

3 

i 

1 

12.5 

Tripalmitin 

14 

0 

0 

0 

0 

0 

Urochrome 

12 

0 

0 

0 

0 

0 

Co  pro  porphyrin 

17 

0 

0 

n 

0 

0 

Dextrose 

25 

8 

1 

2 

5 

t>7.5 

Raw  waste 

;$fi 

14 

•) 

:: 

8 

75.0 

m»!  conven'd  for  mt rif icat ion. 
NT  Not  tested. 


TABLE  XIV 

Observed  index  of  substrate  bind  eg  rad  ability 


Substrate 

Number  of 
tests 

Examinations  yielding  oxidation 
ratios  >  0.3 

Isolates  with  oxidation 
ratios  >  0.3  (9r) 

Total 

Mixed 

Bulk 

Pure 

Erie  arid 

111 

8 

2 

NT 

*» 

75.0 

Hippurie  add 

HI 

f> 

•  > 

NT 

1 

50.0 

Hexanoie  acid 

Id 

4 

i 

NT 

3 

62.5 

Creatinine 

17 

7 

2 

1 

4 

38.5 

(’» ratine 

1  1 

11 

i 

1 

»; 

62.5 

Starch 

1  t 

3 

i 

•» 

0 

0 

Cellulose 

If. 

«1 

ii 

1 

i 

12.5 

Phenyisulfate 

18 

5 

0 

1 

4 

S7.5 

Triton  X-100 

It 

5 

0 

LI 

I> 

37.5 

St.,  uric  acid 

17 

12 

i 

3 

* 

75.1) 

t  sodium  salt ) 

(Ilyvmholati* 

15 

in 

w 

;< 

r, 

62.5 

Tauroeholate 

1  1 

<) 

*> 

5 

r»«.r> 

Albumin 

1  1 

(5 

!> 

i 

•  > 

12  5 

Tripalmitin 

1  1 

•  l 

i 

0 

i 

12  5 

Urnvh  roim* 

12 

1) 

0 

u 

0 

u 

('..proporyhyrin 

17 

*» 

i 

i 

II 

6 

IVxtmst* 

25 

21 

3 

i 

14 

lilt) 

Raw  waste 

nr> 

23 

.  ) 

15 

1011 

I'aia  not  I'lH  ifi’Icd  for  hit  ■  ifiCHtioh. 
N  T  Not  Uvted 


TABLE  XV 

Observed  index  of  substrate  biodegradability 


Substrate 

Number  of 
tests 

_ 1 

Examinations  yielding  oxidation 
ratios  <0.1 

Isolates  with  oxidation 
ratios  <  0.1  ( % ) 

■ 

Total 

Mixed 

1 

Bulk 

Pure 

Uric  acid 

n 

0 

0 

1  NT 

0 

0 

Hippuric  acid 

mm 

1 

0 

NT 

1 

12.5 

Her.anoic  acid 

afl 

2 

0 

NT 

2 

25.0 

Creatinine 

5 

0 

5 

37.5 

Creatine 

2 

0 

2 

14.3 

Starch 

n 

9 

0 

9 

87.5 

Cellulose 

B9 

5 

1 

4 

37.5 

Phenylsulfate 

mm 

5 

1 

5 

50.0 

Triton  X-100 

13 

6 

2 

4 

50.0 

Stearic  acid 

17 

0 

0 

0 

(sodium  salt) 

Glycocholate 

15 

3 

0 

0 

3 

25.0 

Taurocholate 

14 

2 

0 

0 

2 

12.5 

Albumin 

14 

7 

0 

0 

7 

87.5 

Tripalmitin 

14 

10 

0 

2 

8 

62.5 

Urochrome 

12 

12 

2 

2 

8 

100 

Copro  porphyrin 

17 

10 

1 

J 

8 

62.5 

Dextrose 

25 

3 

1 

0 

2 

0 

Raw  waste 

35 

0 

0 

C 

C 

1 

Dat*  not  competed  for  nitrification. 
NT  Not  teated. 


isolates.  For  example,  the  interdependence  be¬ 
tween  organisms  is  clearly  evident  in  the  me¬ 
tabolism  of  starch,  glycocholate,  taurocholat.e, 
and  albumin,  and  possibly  in  raw  waste  and 
the  detergent,  Triton  X-100.  Also,  based  on 
the  bulk  culture  metabolism  of  coproporphyrin, 
phenylsulfate,  and  cellulose,  some  commensal¬ 
ism  may  exist  during  the  assimilation  of  these 
molecules  by  activated  sludge.  On  the  other 
hand,  the  bulk  of  the  small  molecules  was 
metabolized  by  many  of  the  isolates  to  a  sub¬ 
stantial  extent.  This  conclusion  is  also  evident 
from  the  data  presented  in  tables  XIII.  XIV, 
and  XV. 

The  origin  and  precise  nature  of  the  com¬ 
mensalism  observed  in  this  work  could  only 
■  determined  by  repeated  studies  of  varying 
combinations  of  the  isolates  obtained  from 
the  activated  sludge.  Such  a  study  could  add 
a  great  deai  of  information  to  our  current  fund 
of  knowledge;  however,  it  was  clearly  beyond 
the  scope  of  the  present  work. 


The  extent  of  the  metabolism  of  urochrome 
was  extremely  low  by  both  the  mixed  and  pure 
cultures.  Because  it  was  necessary  to  elimi¬ 
nate  any  volatiles  from  the  Warburg  flask,  it 
is  possible  that  some  of  the  urochrome  was  lost 
which  would,  in  effect,  produce  a  lower  oxida¬ 
tion  ratio.  It  would  appear  that  additional 
studies  with  more  refined  technics,  both  of 
isolation  and  of  sample  preparation,  should  be 
carried  out  to  further  define  the  picture  con¬ 
cerning  urochrome  metabolism.  This  is  the 
only  instance  in  which  it  was  not  possible  to 
assure  a  good  quality  substrate  in  the  Warburg 
studies. 

The  results  obtained  support  the  concept 
that  many  organisms  can  totally  assimilate 
small  molecules;  however,  the  capability  to 
reduce  the  size  of  the  large  molecules  such  as 
albumin  and  starch  was  limited.  W'hat  is  seen, 
therefore,  is  the  widespread  capability  to  as¬ 
similate  most  small  substances,  but  a  limited 
capability  to  release  small  fragments  from 
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larger  molecules.  The  release  of  the  small 
fragments  probably  benefits  ail  the  organisms 
in  the  mixed  cultures.  This  pattern  was  noted 
with  all  substrates  except  cellulose.  Cellulose 
assimilation  was  considerably  more  widespread 
than  first  anticipated.  A  curious  aspect  of  the 
organisms  metabolizing  large  molecules  was 
their  inability  hj  assimilate  many  small 
molecules. 

Since  large  molecules  comprise  most  of  the 
material,  in  terms  of  mass,  contained  in  human 
waste,  the  factor  of  commensalism  in  the 
metabolism  of  large  molecules  has  an  important 
bearing  on  numan  waste  treatment  and  the 
synthesis  of  a  biologic  system  from  pure  cul¬ 
tures.  It  can  be  assumed  that  for  human  waste 
assimilation,  commensalism  is  common.  Com¬ 
mensalism  would  be  of  less  importance  in  treat¬ 
ing  individual  small  molecules  which  are 
present  in  many  kinds  of  industrial  wastes. 

It  is  seen,  therefore,  that  in  developing  a 
microbial  system  from  pure  cultures  to  sub¬ 
stitute  for  an  activated  sludge  system,  many 
organisms  may  suffice,  but  only  two  basic 
properties  are  required — large-molecule  and 
small-molecule  metabolic  activity. 

The  most  efficient  system  metabolizing  hu¬ 
man  waste  would  be  one  employing  the  large- 
molecule  users  in  a  system  without  competition 
from  other  organisms.  Such  a  system  would 
allow  a  maximum  rate  of  proliferation  of  large- 
molecule  users,  and  could  conceivably  reduce 
the  time  required  for  overall  waste  assimila¬ 
tion.  It  would  then  bo  possible  to  follow  such 
a  system  with  a  reactor  designed  for  the  clean¬ 
up  id'  small  molecules.  It  appears  obvious  that 
in  the  normal  competitive  environment  of  a 
waste  treatment  system  receiving  unsterilized 
waste  that  the  required  holdup  time1  will  be 
extended  by  the  limited  rate  of  growth  of  the 
large-molecule  users. 

Nitrification  in  activated  sludge 

The  ability  to  produce  nitrate  or  nitrite  or 
;ut  on  nitrate  and  urea  was  found  to  be  wide¬ 
spread  in  the  mixed  cultures.  The  oxidation 
of  reduced  nitrogen  as  an  energy  source,  as  seen 


in  the  Warburg  procedure,  is  characterized  by 
an  oxygen  use  greatly  in  excess  of  that  to  be 
expected  in  theory.  This  occurrence  prevents 
a  reliable  determination  of  the  extent  of  sub¬ 
strate  oxidation.  There  appears  to  be  no  way, 
however,  that  the  oxidation  of  nitrogen  can  be 
prevented  in  those  instances  in  which  excess 
nitrogen  is  present  in  the  substrate. 

It  has  been  assumed  that  the  pure  culture 
work  would  not  be  hampered  by  extensive 
nitrification,  as  it.  is  commonly  held  that  the 
oxidation  of  nitrogen  is  carried  out  primarily 
by  the  autotrophic  nitrifiers,  Nitroaomonas 
and  Nitrohncter  (16,  21).  In  addition,  these 
organisms  are  not  thought  to  be  heterotrophs. 
There  is  some  evidence  that  some  of  the 
isolates  examined,  while  being  saprophytic,  may 
also  utilize  the  oxidation  of  nitrogen  as  a 
source  of  energy.  It  appears  certain  that  the 
5-bulk  cultures  during  the  metabolism  of 
creatine,  glvcocholate,  taurocholate,  and  dex¬ 
trose  were  given  the  impetus  to  carry  out  some 
oxidation  steps  beyond  substrate  oxidation  not 
carried  out  by  the  control  cultures.  The  tests 
for  nitrite  and  nitrate  showed  that,  in  some 
instances,  compounds  were  formed  during  in¬ 
cubation  which  gave  positive  reactions  for  one 
or  both  of  these  materials. 

It  is  tentatively  suggested,  then,  that  some 
of  the  commonly  encountered  saprophytes  can, 
under  some  conditions,  use  reduced  nitrogen 
as  an  energy  source.  If  proved  to  be  the  case, 
such  a  finding  might  explain  why  an  activated 
sludge  system  after  long  periods  in  a  low 
dissolved-oxygen  environment  and  heavy  or¬ 
ganic  load  (which  would  provide  little  oppor¬ 
tunity  for  the  growth  of  purely  autotrophic 
organisms)  will  suddenly  produce  large  quanti¬ 
ties  of  oxidized  nitrogen.  Such  an  observation 
was  made  by  the  Hoeing  Company  during  the 
"Mesa"  manned  chamber  run  (29). 

As  a  practical  matter,  it  would  appear  to  be 
desirable  to  suppress  the  oxidation  of  ammonia 
in  a  remote  environment.  First,  the  oxidation 
of  nitrogen  yields  energy  which  permits  a 
higher  synthesis  rate.  Second,  ammonia,  be¬ 
cause  ot  its  relatively  greater  adsorbability, 
gaseous  nature,  and  ease  of  detection,  appears 
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to  be  an  easier  contaminant  to  handle  than 
nitrite  or  nitrate. 

In  the  Boeing  “Mesa”  manned  chamber  run, 
high  rates  of  conversion  of  ammonia  to  nitrite 
were  observed  when  dissolved  oxygen  levels 
were  maintained  above  0.5  mg.  liter.  There¬ 
fore.  control  of  dissolved  oxygen  levels  below 
that  point  may  prevent  ammonia  oxidation.  It 
is  also  axiomatic  that,  in  a  reactor,  thorough 
scrubbing  of  ammonia  will  reduce  the  available 
nitrogen  to  minimum  levels.  Another  interest¬ 
ing  possibility  is  the  removal  of  ammonia  as 
nitrogen.  The  latter  control  mechanism  is  pos¬ 
sible  because  of  the  peculiar  biochemistry  of 
the  nitrate  and  nitrite  users,  which  will,  under 
conditions  of  partial  anaerobiosis,  convert  the 
bulk  of  the  oxidized  nitrogen  to  nitrogen  gas. 
Hence,  it  appears  theoretically  possible  to  con¬ 
vert  the  plant  effluent  ammonia  to  nitrate  or 
nitrite  and  then,  under  conditions  of  low-  or 
zero-dissolved  oxygen,  convert  the  nitrate  or 
nitrite  to  nitrogen  gas.  Johnson  and  Schroe- 
pfer  (21)  have  studied  such  a  flow  sheet  and 
found  it  to  function  as  described. 

Bilirubin  and  pyrrole  metabolism 

Despite  repeated  efforts,  substantial  metab¬ 
olism  of  bilirubin  or  pyrrole  could  not  be  dem¬ 
onstrated.  Some  of  the  organisms  studied, 
however,  were  able  to  assimilate  copropor¬ 
phyria  to  a  substantial  extent.  These  two 
molecules  both  contain  a  tetrapyrrole  group. 
Bilirubin  is  a  linear  tetrapyrrole  and  eopro- 
porphyrin  contains  the  four  pyrrole  rings  in 
the  basic  heme  configuration 

Aerobic  organisms  contain  enzymes  of  the 
terminal  respiration  sequence  which  possess 
the  heme  configuration.  It  is  natural  to  as¬ 
sume  that  some  internal  mechanism  exists  for 
the  conservation  of  the  nitrogen  contained  in 
the  pyrrole  and  the  utilization  of  the  molecule 
itself.  The  results  of  the  present  study  show 
that  the  tetrapy r roles  arc  at  least  moderately 
refractory. 

Although  it  may  bo  only  coincidental,  the 
behavior  of  sodium  bilirubinate  and  hestianic 


acid  was  very  similar.  According  to  Eman¬ 
uel  (11),  hestianic  acid  contains  nitrogen  and 
is  also  aromatic,  indicating  that  at  least  part 
of  the  substances  contained  in  hestianic  acid 
may  also  be  derivatives  of  bilirubin. 

The  comparative  ease  of  metabolism  of  the 
4-,  5-,  and  6-membered  non-nitrogenous  cyclic 
molecules  indicated  that  the  molecular  char¬ 
acteristic  creating  the  behavior  was  the  hetero¬ 
nitrogen  in  the  ring.  The  most  profound  effect 
that  the  heteronitrogen  has  on  the  molecule  is 
to  change  its  polar  and  electronic  characteris¬ 
tics.  There  is  some  evidence  which  supports 
the  concept  that  alterations  in  the  foregoing 
characteristics  may  affect  or  reduce  the  rate 
of  transport  or  cataboiii  attack  (26).  The 
findings  here  would  appear  to  support  this  con¬ 
cept,  particularly  the  portion  dealing  with 
transport,  as  the  assunipl'on  is  made  that  some 
intracellular  pyrroles  exist  in  most  aerobic 
microbiota. 

It  would  appear  axiomatic  that  some  mech¬ 
anism  must  exist  in  nature  for  destroying  the 
linear  tetrapyrroles.  It  is  also  necessary  to 
note  that  other  types  of  mechanisms,  purely 
chemical  (i.o.,  photoeatalytic),  or  the  involve¬ 
ment  of  a  highly  specific  saprophyte  not  ob¬ 
served  here,  may  be  responsible  for  the  ulti  nate 
destruction  of  such  compounds. 

Adsorption  of  substrates  by  pure  cultures 

Ingram  (20)  postulated  that  the  so-called 
zooglcal  material  or  slimes  excreted  by  many 
of  the  bacteria  commonly  found  m  activated 
sludge  may  he  rcs|k>nsib!e  for  the  rapid  non- 
oxidative  uptake  of  certain  substrates,  fre¬ 
quently  termed  biologic  ads<>rpti-  n.  The  slimes 
appear  to  be  ex  n  ted  by  organisms  growing 
beyond  the  logar.thmic  growth  phase  and. 
therefore.  Would  not  he  present  m  the  dts|*er*ed 
growth  obtained  for  studv  tit  this  work 

Instead  of  a  rapid  Mon.xidativc  uptake  of 
substantial  quantities  of  substrates  as  has  Is-en 
prev  iously  reported  for  clarified  raw  Must"  and 
albumin,  in  the  pre  cut  study  slight  t<>  negli¬ 
gible  amounts  of  substrates  were  removed 
rapidly  followed  by  a  linear  (  noii-coinentr  , lion- 
dependent)  removal  pattern. 
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This  type  of  assimilation  pattern  is  similar 
to  that  noted  in  earlier  studies  (6)  for  small 
substrate  molecules.  These  findings  would 
tend  to  support  the  concept  that  the  zoogleal 
slime  is  responsible  for  the  bulk  of  substrate 
adsorption. 

The  zoogleal  slimes  appear  to  result  from 
the  way  the  conventional  activated  sludge  sys¬ 
tems  are  operated.  As  the  sludge  mass  per 
unit  of  utilizable  substrate  is  increased,  the 
system  tends  toward  steady  state.  It  is  at,  or 
near,  the  steady-state  situation  that  the  sludge 
becomes  "activated”  and  a  substantial  quantity 
of  slimes  is  produced.  This  occurrence  may  be 
a  direct  result  of  the  increased  competition  for 
food.  During  periods  of  dispersed  (nonfloc¬ 
culating)  growth,  where  food  is  in  excess,  the 
slimes  do  not  appear  to  form  to  any  substantial 
degree.  Therefore,  the  phenomenon  of  adsorp¬ 
tion  may  be  said  to  be  a  direct  result  of  the 
mode  of  system  operation. 

Comments  on  the  characterization  of  the 
activated  sludge  process 

In  the  present  work,  organisms  contained 
in  high-solids  activated  sludges  have  been 
isolated  and  tested.  In  each  instance  the  or¬ 
ganisms  have  previously  been  isolated  from 
biologic  waste  treatment  systems,  as  is  ev¬ 
idenced  by  Ingram’s  thorough  review;  however, 
the  metabolic  characteristics  observed  here  of 
the  isolates  and  the  combinations  thereof  per¬ 
mit  some  significant  generalizations  about  the 
process. 

It  appears  certain  that  a  mixed  culture  of 
at  least  three  organisms  will  be  required  to  re¬ 
produce  the  activity  of  an  activated  sludge 
facility.  Although  time  did  not  permit  such 
an  appraisal  in  the  laboratory,  an  analysis  of 
the  oxidation  ratio  data  indicates  that  or¬ 
ganisms  capable  of  assimilating  the  complex 
molecules,  and  one  other  capable  of  substantial 
small-molecule  activity  could  conceivably  suf¬ 
fice,  although  a  combination  of  three  or  more 
organisms  might  complete  oxidation  faster. 

ft  also  appears  certain  that  nitrification  will 
occur  unless  strict  control  of  the  dissolved 


oxygen  level  in  the  reactor  is  practiced.  The 
production  of  nitrite  or  nitrate  requires  oxygen 
for  a  use  not  directly  associated  with  waste 
stabilization  and  produces  a  substance,  oxidized 
nitrogen,  deleterious  to  man.  The  latter  ia 
particularly  true  in  remote  environments.  For 
the  foregoing  reasons,  nitrification  appears 
undesirable  and  control  should  be  exercised  to 
prevent  it. 

The  adsorption  phase  of  substrate  uptake 
appeared  to  be  absent  or  negligible  in  the 
studies  of  pure  cultures.  The  adsorption  phase 
has  been  shown  to  be  characterized  by  a  rapid 
nonoxidativc  uptake  of  substrate  from  the 
medium.  This  uptake  has  been  shown  to  close¬ 
ly  follow  a  first-order  pattern  based  on  studies 
by  Chapman  et  al.  (6).  It  has  been  postulated 
that  the  bacterial  slimes  associated  with  ac¬ 
tivated  sludge  are  responsible  for  the  process 
of  substrate  adsorption.  This  postulate  is  sup¬ 
ported,  but  not  proved,  by  the  findings  of  the 
present  study.  These  findings,  if  substan¬ 
tiated  by  further  work,  imply  that  dispersed 
organisms,  while  capable  of  oxidizing  the  com¬ 
ponents  of  waste,  would  not  rapidly  remove  the 
adsorbable  components.  This  would  probably 
result  in  a  lower  overall  efficiency  in  a  con¬ 
tinuous  flow-through  facility. 

Based  on  the  data  obtained  in  this  and 
previous  studies,  figure  II  has  been  prepared. 
Figure  11  represents  a  summary  of  the  in¬ 
formation  obtained  to  date  on  the  mechanism 
of  the  activated  sludge  process  as  listed  in  the 
following  paragraphs: 

1.  Most  large  molecules — i.e.,  starch,  al¬ 
bumin,  and  the  constituents  of  human  waste — 
appear  to  be  rapidly  and  nonoxidatively 
adsorbed  onto  the  biologic  matrix. 

2.  Most  small  molecules,  such  as  phenol, 
individual  amino  acids,  and  hippuric  acid,  ap¬ 
pear  to  be  metabolized  as  rapidly  as  removed 
from  the  medium. 

3.  Most  small  molecules  appear  to  be 
utilized  by  organisms  incapable  of  large- 
molecule  assimilation. 
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FIGURE  11 

Characterisation  of  the  aeth'atcd  sludge  process. 


4.  The  organisms  assimilating  large  mole-  5.  Refractory  molecules  are  present  in  hu- 

cules  metabolized  the  small  molecules  sparing-  man  waste  and  appear  in  some  combination  in 
ly.  the  effluent  from  an  activated  sludge  facility. 


6.  The  gaseous  effluent  will  contain  CO-, 
Nila.  and  H-O.  and,  depending  upon  the  level 
of  aeration,  some  oxides  of  nitrogen. 

7.  The  oxidation  of  most  small  molecules 
will  be  complete  within  minutes  or  hours.  The 
larger  molecules  and  those  small  molecules 
tending  to  be  refractory  will  require  additional 
time  for  stabilization.  It  is  probable  that  the 
3  or  4  days  apparently  required  for  {rood 
stabilization  in  a  high-solids  activated  sludge 
is  due  to  the  extension  of  time  required  to 
stabilize  the  complex  or  large  molecules. 

VII.  RECOMMENDATIONS  FOR 
FURTHER  STUDY 

Pure  culture  work 

Continued  key -out  studies  are  necessary  for 
more  specific  identification  of  the  isolated 
organisms.  This  work  should  include  recheck¬ 
ing  some  of  the  results  obtained  in  the  present 
program  to  eliminate  the  possibility  of  rever¬ 
sion  from  a  mutant  strain,  or  the  possibility  of 
a  strain  becoming  attenuated  through  repeated 
passaging.  Animal  inoculation  or  regrowth 
through  raw  waste  is  also  indicated.  The  animal 
inoculation  would  be  carried  out  to  develop  any 
lost  chromogenesis  or  fluorescent  capabilities 
of  these  organisms.  Serologic  classification  of 
some  of  these  organisms  is  indicated,  but  com¬ 
parative  study  to  type  cultures  would  be  the 
best  method  of  final  identification. 

Indications  that  the  saprophytes  may,  un¬ 
der  some  circumstances,  use  the  oxidation  of 
nitrogen  as  an  energy  source  should  lead  to  a 


thorough  study  of  the  phenomenon  in  activated 
sludge.  The  control  of  synthesis  to  maintain 
a  minimum  quantity  of  cellular  material  in  the 
reactor  is  desirable  and  perhaps  necessary  for 
remote  environment  application. 

Further  studies  on  bilirubin,  pyrrole,  and 
coproporphyrin  metabolism  are  indicated  as 
well  as  additional  studies  on  uroohrome.  It  is 
suggested  that  attempts  be  made  to  maintain 
the  organisms  in  pure  culture  under  macroeul- 
turing  conditions  and  that  substrate  depletion 
studies  be  carried  out  over  extended  periods — 
that  is,  weeks  or  months. 

Mixed  culture  studies 

Additional  studies  should  be  directed  to¬ 
ward  control  of  synthesis  in  mixed  cultures. 
The  work  should  be  carried  out  with  two  ob¬ 
jectives:  first,  to  minimize  the  utilization  of 
reduced  nitrogen  as  an  energy  source;  and 
second,  to  reduce  the  normal  rate  of  synthesis 
by  the  saprophytes  during  heterotrophic  metab¬ 
olism.  There  are  a  number  of  compounds 
capable  of  reducing  the  rate  of  synthesis.  The 
use  of  these  compounds  should  be  studied. 

Attention  should  also  be  directed  to  a  selec¬ 
tive  elimination  of  inactive  and  dead  material 
contained  in  the  biologic  matrix.  It  has  been 
previously  suggested  that  it  may  be  possible 
to  improve  the  operation  of  an  activated  sludge 
system  per  unit  mass  of  material  by  eliminat¬ 
ing  the  so-called  “dead  weight"  material.  Such 
problems  as  foam,  gas  transfer,  and  movement 
of  mixed  liquor  may  be  reduced  substantially 
by  such  a  development. 
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A  study  was  carried  out  to  evaluate  the  assinilabilitv  of  common  uixnarv  and 
fecal  constituents  by  the  active  saprophytes  of  high-solids  activated  sludge.  The 
saprophytes  were  obtained  in  pure  culture  from  nixed  cultures  grown  on  undiluted 
human  waste.  Conventional  isolation  and  determinative  procedures  were  employed. 

The  isolated  organisms  were  found  to  be  primarily  species  of  Alcaligenes .  Pseudo- 
monas.  and  Achromobacter .  all  of  which  have  been  previously  identified  in  activated 
sludge.  It  was  observed  that  most  organisms  could  assimilate  a  substantial  quantity 
of  the  small  molecules,  such  as  uric  and  hippuric  acids,  contained  in  human  waste. 

The  ability  to  handle  complex  polymeric  substrates,  however,  such  as  starch,  albumin, 
and  cellulose,  was  found  to  be  limited.  Bilirubin,  coproporphyrin,  and  trinalmitin 
were  found  to  be  refractory.  The  authors  attribute  the  saprophytic  activity  in 
activated  sludge  to  a  conmensnl  rather  than  to  a  symbiotic  relationship  among  the 
organisms.  Commensalism  has  an  important  bearing  on  synthesis  of  a  biologic  system 
from  nure  cultures.  It  appears  that  at  least  three  organisms  will  be  required  to 
reproduce  the  activity  of  an  activated  sludge  facility.  Further  study  is  recom¬ 
mended  in  these  areas':  more  specific  identification  of  isolated  organisms;  use  by 
saproahvtes  of  oxidation  of  nitrogen  as  an  energy  source;  bilirubin,  pyrrole,  and 
conroporphyrin  metabolism;  control  of  synthesis  in  nixed  cultures;  and  selective 
elimination  of  inactive  material  in  the  biologic  matrix. 
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